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A B S T R A C T 
•^Major part of the thesis deals with the investigation 
of neutron reaction cross-sections, particularly, (nj'V) and 
(n,o() reactions. The work reported in the thesis has been 
divided into seven chapters. In the 1st chapter, a brief 
description of various reaction mechanisms is given. 
Chapter II contains the measurements of neutron radiative 
capture cross-sections in KeV energy region using the facility 
of Van de Graaff generator at I.I.T., Kanpur (India). The 
experimental results have been explained within the framework 
of statistical theory of nuclear reactions. 
In chapter III, information about 'y/D I p.^^ve respect 
to ly/D 1 „ has been extracted by fitting experimentally s —wav e 
measured (n,7) cross-sections at KeV using Margolis formula 
which is based upon statistical theory of nuclear reactions. 
In chapter IV, the experimental data on (n,Y) reaction 
at six neutron energies (10, 30, 100, 300 KeV, 1 and 3 MeV) 
have been compared with theoretical predictions based on 
Hauser Feshbach statistical model to get some information 
about other non-statistical processes. 
In chapter V, cross -section measurements of ^^^Bi 
and ^^^Ta (n,o<-) ^ "^ ^^ '^ Lu reactions in KeV energy region have 
been reported. Practically no earlier data on (n,«<) reactions 
on heavy mass nuclei in KeV energy region exists. The data 
on have been used to test the validity 
T O-l 
of statistical theory of nuclear reactions. In the Ta 
(n,«) "^^ S^'^ L^u case, the ratio of cross-section for 5 min. 
and 25 min. activities has been measured. With the knowledge 
of the trend of ^ min^ *^'^ ^ min^ '^ ''^ ^ * 
energy (E^), spins have been assigned tentatively to 5 min. 
and 25 min. isomers. 
In chapter VI, It is shown that, contrary to wide spread 
opinion the s- and p-wave neutron widths do not always follow 
single channel Porter and Thomas distribution which was outcome 
of the extreme configuration mixing (compound nucleus theory). 
In the last chapter, the applicability of Davydov-Rostovsky 
model (which is one of the model,,proposed to explain the 
collective nature of Eg-transitions in deformed nuclei of 
rare earth and actinide regions) in predicting transition 
probabilities of ->• , 2^ -h. and transitions, 0 6 & & I & 
has been tested. 
X X X X X X 
CHAPTER - I 
INTRODUCTION . 
Nuclear reactions have been studied extensively, both 
experimentally as well as theoretically. With the advent of 
the high energy accelerating machines, such as Van de Graaff 
generator and the cyclotron the high energy particles like 
protons and a-particles have become available to produce 
nuclear reactions in all elements of the periodic table. 
Studies on cross-sections and angular distribution of the 
disintegration products, coupled with the various theoretical 
developments have led to a better understanding of the nature 
of the nucleus and nuclear forces. There exists two different 
approaches'^ viz, black box or model treatment and many body 
methods in nuclear Physics, to study the mechanism of inter-
action of nucleons with nuclei. It is simpler to handle the 
problem with model treatment, because in this case the dynamics 
of many-body system is replaced by a mathematically solvable 
model. Direct reaction theories, evaporation and optical model 
are the examples of the model treatment. Many body methods 
are more rigorous, where the continuous states of collision 
problem are treated In analogus way to the bound states of 
the nucleons in the nucleus. Model treatment being easier, has 
been most frequently applied to the nuclear phenomena. Though 
it is felt that many-body approach is more exact and probably 
a complete theory of nuclear interactions would follow the lines 
of nuclear many-body approach. In the present work we shall be 
following the model treatment and analysing the data in terms 
of the componnd nucleus theory. 
2) 
In 1936 Bohr introduced the idea of the compound 
nucleus model - an antithesis of the single particle model. 
Compound nucleus processes may conveniently be divided 
according to the number of compound nucleus states excited by 
the reaction, and this depends on the energy spread AE of the 
incident beam and on the widths T and spacings D of the compound 
nucleus states. If AE <R< D, so that levels are well separated, 
the corresponding resonances in the cross-sections may be 
analysed by the Breit-Wigner^^ formalism. These resonances 
are particularly notable in (n,/ )reaction, elastic neutron 
and proton scattering when the energy corresponds to that of 
a state of the compound nucleus, and their analysis yield 
important nuclear structure information. 
This formalism may be extended to the case AE <R'- D 
where two levels overlap, but becomes impracticable when more 
than two states are excited at the same energy. VJhen P > D, so 
that the levels overlap strongly and the energy resolution 
AE <r, the measured cross-sections fluctuate as a function 
of energy and it is not possible to identify the contributing 
resonances. The analysis of such fluctuations has been done by h. (T) Ericson . 
If the energy spread AE yPy many states are excited 
simultaneously but the fluctuations are no longer apparent. 
The resulting energy averaged cross-sections may be analyzed 
by statistical theory. 
The statistical theory of nuclear reactions have proved 
very successful in predicting neutron cross-sections in the 
intermediate energy region over wide range of the periodic 
table. The general theory was presented by Wolfenstein^^ and 
specialized for the case of inelastic scattering processes by 
Hauser and Feshbach ' and for capture processes by Margolis.'* 
It is customary to divide the mechanism of nuclear 
reaction into two distinct processes and these contribute in 
different proportions depending mainly on the structure of 
target nucleus and incident particle energy. There are direct 
interaction processes which pass immediately from the initial 
state to the final state, and the compound nucleus process 
which passes through a large number of states of the compound 
nucleus formed by the capture of the incident particle by the 
target nucleus. The direct process takes place rapidly in the 
duration of the nuclear transit time C^ J^ j ~ 10 sec.), and 
as a result the variation vjith energy of the corresponding 
9) 
cross-section is slow^. On the other hand, the second process 
requires the compound nucleus to attain a state of statistical 
equilibrium and this takes as much as a million times longer 
CC^ jj ^  lO'^^sec.). Consequently the excitation energy is well 
defined and the cross-section may change very rapidly with 
incident energy, depending on particular configurations of 
compound nuclear states that are excited. 
The domain in between the tv;o extreme cases are the 
intermediate reactions as a result of the decay of compound 
nucleus before it attains full statistical equilibrium. Let 
us consider what happens when a particle approaches a nucleus, 
and starts the process of exciting it to a compound state. The 
first interaction takes place with the one nucleon in the 
target and the energy exchange raises the nucleon to a higher 
bound state, leaving a vacancy in one of the lower levels ; 
this is a two particle one hole (2p Ih) state. The next stage 
in the excitation leads to the formation of a (3p 2h) state. 
This process continues until the energy of incoming particle 
is shared statistically among all nucleons of the compound 
nucleus. These intermediate states involving the excitation 
of only a few nucleon are called doorway states because 
they are the states through which the excitation must pass, 
the 'doors' to the compound nucleus. 
Any of these doorway states has a certain probability 
of decaying directly back into the incident channel or into 
one of the open reaction channels. The total width for the 
decay of a doorway state may therefore be written^^ 
r = rr + n 
where Pt denotes the escape width for decay back into the entrance 
channel or into a direct reaction channel and PJ' the damping 
width for the formation of the compound nucleus, 
The statistical model of nuclear reactions has been 
extended by Griffin^^^ to give the probability of emission of 
particles at the various stages of the excitation process, and 
their energy distributions. These particles are called^pre-
n 
compound and contribute to the high energy tail often found 
in the energy distribution of particles emitted from nuclear 
9) 
interactions. 
Bulk of nuclear reaction data at thermal as well as 
high energy neutrons are available and have been of invaluable 
aid in reactor design but of limited help for statistical theory 
of nuclear reactions and nucleosynthesis calculations. The present 
work was undertaken to measure the (n,/) and (n,a) cross-sections 
in KeV energy region to complete and improve the earlier data. 
The requisite neutrons in KeV energy region were obtained from 
the reaction using incident proton beam from Van de 
Graaff generator at I.I.T., Kanpur (India). The activation method 
has been used for these measurements. Details of fliox calibration, 
measurement techniques and associated errors are given in chapter 
II, Where as the details of the individual measurements are 
discussed in chapter II and V. 
The knowledge of neutron radiative cross-sections 
in the KeV energy region is of interest for the design of fast 
reactors as well as for the study of nuclear reaction theories, 
6 
These measurements are also useful in Astrophysics^^ 
According to stellar nucleosynthesis theory, elements heavier 
than iron were formed predominantly by neutron capture ; the 
knowledge of cross-sections lead to a time scale evaluation 
of this process and permits the estimation of natural element 
abundances. In the present work capture cross-sections have 
been measured in KeV energy region. The published cross-section 
data currently available for studied isotopes are either 
inconsistent or in some cases non-existent over part of the 
energy range studied. The results of these measurements are 
compared with the prediction of statistical theory of nuclear 
O 'N 
reactions. Margolis formalism for (n,y) cross-section based 
upon statistical theory has been used (for details see chapter II) 
Neutron capture cross-sections at 2h KeV for M-8 nuclei 
with mass number ^ k 4. 232 have also been calculated using ON 
Margolis formula . It is not known whether ^(=<D> / 27r<ry>, one 
of the input parameters) is the same for s- and p-wave neutrons. 
It has been shov/n that the assumption, 
[<rv>/<I^  = i:<'7>/<®>Js-wave 
which has been verified experimentally for many nuclei^^""^^^ 
except those in 3p region^^' is fairly well to reproduce the 
experimental cross-sections at 2^ - KeV and it may be further 
used to get information about [<rj,>/<D >](i_.,^ a.ve ^ ^^^ respect to 
[<rj>/<D>] by fitting the experimental cross-sections at w ^  W 0. V " 
higher energies(for details see chapter III). 
In chapter IV, the experimental data on (n,y) reaction 
for nuclei ii > 7^ + at six different neutron energies (10, 30, 100, 
•1 O N 
300 KEVF 1 and 3 MeV) taken from graphs given in recent BNL 
report (1976) have been compared with theoretical predictions 
7) based on Hauser-Feshbach statistical theory'^ to get some idea 
'd / about the existence of other non-statistical processes (e.g. 
direct/semidirect reaction). However, the inadequacy of 
experimental data on (n,y) reaction at 1 and 3 MeV neutron 
energies ; and the choice of input parameters in statistical 
theory does not allow us to draw definite conclusion regarding 
the magnitude of non-statistical processes. This study reveals 
the presence of contributions to the (n,y) cross-section by 
reaction processes other than compound nucleus process. The 
experimental data on (n,Y) reaction at neutron energies of 30, 
300 KeV and 3 MeV have also been examined for the possible 
shell effects. 
Gross-sections for "^^ B^i(n,«3C) ^ ^^Tl reaction at two 
incident neutron energies and for reaction 
at four neutron energies have been measured for the first time. 
The data on ^ '^ B^i(n,(?<) reaction in KeV energy region have been 
used to test the validity of statistical theory of nuclear 
reaction in predicting cr(n,pt) . The reaction 
has been separately described in subsection (5.3) of chapter V. 
In this case the cross-section for 5 min. and 25 min. activities 
have been measured, V/ith the knowledge of the trend of mini'^ '^ ^ 
/^cf mi „ (n,<x) vs. neutron energy (E ), spins have been assigned y rrix n • n 
to 5 min. and 25 min. half lives. 
8 
It is well known that the absorption cross-section 
of neutrons with energies of few tens of electron volts has 
a resonance structure. The average resonance parameters (E^, 
^^ ^^  their distributions are important for the 
statistical theory of nuclear reactions as well as for reactor 
physics calculations. In chapter VI the distributions of s-
and p-wave neutron reduced widths for individual nucleus have 
been investigated. The theoretical distribution of In obtained 
in the limit of extreme configuration mixing (compound nucleus 
formation) was^^^ a X^- distribution with degree of freedom 
"1l)=1. In certain mass regions, we find that there are many 
nuclei for which ))= 2, In order to explain the value of i) other 
than 1 v;e were forced to assume that the compound nucleus 
component has to be supplemented by non-statistical processes, 
The knowledge of nuclear reactions and of nuclear 
structure are complementary to each other. The more we know 
about the one the more we can understand about the other. In 
this thesis, we have mainly concentrated on nuclear reaction 
studies. However, in the last chapter we have dealt with 
20) -Davydov-Rostovsky model in explaining the fastness of • 
» ^ t'^t "transitions in even-even nuclei of ~ o o o o J o 
rare earth and actinide regions. 
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CHAPTER - II 
NEUTRON CAPTURE GROSS-SECTION IN KeV ENERGY REGION 
2,1 Introduction : 
The study of neutron capture cross-section is useful 
for understanding nuclear reaction theories, steller nucleosynthesis 
1 2) 
theories and nuclear reactor designs. Inspection of BNL reports ' 
show a definite gain in the number of capture cross-section at 
thermal energy as well as at high energies (MeV), but in'KeV A 
region the data are still inadequate; and for few cases it is also 
inaccurate. Therefore, there is still a demand to complete and r 
improve the earlier experimental data in,KeV energy region. This 
energy region is of special interest because of following facts : 
a) In this energy region the neutron capture reaction takes 
place mostly through^compound nucleus mechanism. The formalism for 
describing energy averaged compound nucleus cross-sections was 
originally developed by Wolfensteln""^ , Hauser and Feshbach . Margolis' 6) 
and Lane and Lynn extended the theory for'neutron capture process. 
7) Later, Moldauer'^  has applied R-Matrix theory and included neutron 
width fluctuation cori-ections to calcualte energy averaged cross-
ft—1P ^  
sections. The Margolis formalism has proved very successful 
in predicting neutron capture cross-sections in^KeV energy region 
provided the input parameters like radiation width , level 
spacing D, binding energy, target nucleus level structure and 
11 
neutron penetrabilities are well known. In the absence of complete 
knowledge, it is possible to extract some of these quantities from 
measurement of capture cross-sections as a function of neutron 
energy (E^) . 
b) Theories of steller nucleosynthesis^^~^'^^ of heavy 
elements predict correlations between the abundances of various 
elements and neutron capture cross-sections in this energy region. 
c) In order to tackle the problem of poisoning of a reactor 
by fission products, the knowledge of neutron capture cross-
18^ section over wide energy range for many nuclei is required. 
Present work of capture cross-section measurements in KeV 
energy region have got the following motivations : 
a) To complete and improve (n,y) cross-section data in KeV 
region. 
b) To examine the applicability of Margolis formalism in 
predicting (n,V) cross-sections in KeV region. 
c) To see whether the comparision between ^ ^ p t 
^theo give some more information about the energy 
dependence of resonance parameters e.g. radiation width f^  and 
level spacing D. 
2.2 Experimental Details : 
(i) Neutron production and irradiation procedure : 
Generally (o(,n) and (y,n) reactions are used for the 
production of neutrons, using C3<-particles and 7-rays given out 
12 
from radioactive emitters. The use of these types of sources 
is limited to the production of neutrons at isolated energies. 
Another possibility is the use of accelerated charged particles 
like proton, deutiton, triton and-particles etc., obtained 
V 
from charged particle accelerators. Bombardment of these 
accelerated charged particles on suitable target yields neutrons. 
The latter type of neutron sources have two fold advantages 
over the former ones : 
a) Relatively high flux of neutrons can be obtained, 
A. 
b) Neutrons can be obtained at different energies in 
a certain energy interval by varying the energy of the bombarding 
particles. 
In the present work, neutrons in the KeV region 
were produced by the endothermic reaction ^H(p,n) liie i.e., 
+ ^H ^He + Jn - 0.76^ MeV (1) 
Accelerated proton beam was obtained from the Van de Graaff 
accelerator at I.I.T., Kanpur (India). The tritium target 
consisted of 16 Ci of tritium absorbed in titanium layer on 
thin backing of copper (0.25 mm). The energy of the emitted 
neutrons at various proton energies and at different laboratory 
angles was taken from reference 19. All samples were irradiated 
at 0* to the proton beam axis. The different proton beam energies 
13 
and the corresponding emitted neutron energies, used in 
(n,V) measurements are given below. 
Proton Energy (ifip) Neutron Energy (E^) 
(MeV) (KeV) 
1.25 w ± 15 
1.31 ^00 + 70 
1A6 610 + 20 
1.5 650 + 20 
There are three factors that have been considered 
in order to determine the uncertaininty associated with 
a given neutron energy. They are 
a) due to thickness of the tritium - titanium target 
b) due to the finite width of the input energy (E^) 
which is mainly caused by the degradation of the incident 
beam in the target material. 
c) due to the angle subtended at the point neutron 
source by the samples studied. 
The spread AE^ due to factor (c) is the dominating one. 
(ii) Techniques of measuring neutron cross-sections : 
There are two techniques generally used for the cross-
section measurements : 
14 
a) Prompt particle measurement technique 
b) Activation technique 
Another technique which is exclusiverly used for (n,V) 
cross-section measurements is spherical shell transmission 
technique. Spherical shell transmission measurements do 
not depend on absolute detection efficiencies and therefore 
can give quite accurate capture cross-sections. But this 
technique hasy'few disadvantages, e.g., it can be used 
with homogenous neutron sources and requires large samples. 
Moreover, the correction for self shielding effects are 
some times difficult to evaluate in spherical shell 
transmission experiments. 
By capturing a neutron the target nucleus is 
excited to a state whose excitation energy ranges from 
5 to 8 MeV above the ground state as a result of binding 
energy of the neutron in the nucleus. This energy is 
generally released in a time less than sec. in 
the form of gamma rays, which finally cascade to the 
ground state. Since this occurs for all capturing 
isotopes, the detection of prompt gamma rays provide 
perhaps a general method for capture cross-section 
15 
measurements. But in practice it is not so simple 
because of lack of the knowledge of prompt gamma ray-
spectra to such a high excitation energy, the development 
of efficient detectors for high energy gamma rays, and 
20-22) 
the background problem. In recent years there has 
been continuing development in methods for the detection 
of prompt capture "y-rays. Inferences about reaction 
mechanism may be obtained from prompt capture y-rays 
spectra. Recently a search for non - statistical effects 
in V -ray spectra following neutron capture has been made 
for incident neutron energies in the range KeV to 
1 MeV. 
In case of (n,of) reaction, silicon surface 
barrier detector is mostly used for recording prompt 
«-particle spectrum. The cross-sections are obtained for 
the ex -branches to ground state as well as to excited states 
of product nucleus in contrast to the activation technique 
where one can only determine total (n,ot) reaction cross-
section. By looking at the (?(-particle groups, level 
sequence of product nucleus can also be determined. 
Prompt particle measurements as well as spherical 
shell transmission measurements, both require seperated 
isotopes if specific reactions are to be measured. 
16 
In activation technique, cross-section is determined by-
following the induced activities within a specimen sample through 
particle bombardment. The high sensitivity with which this induced 
radioactivity can be detected and the individually characterstic 
modes of decay of each radioisotope lead to the many advantages 
inherent in this technique. Among these, special advantages are 
extremely high sensitivity, selectivity and the possibility of 
non-destructive analysis. Activation technique measures the 
cross-section for the formation of specific product. This 
technique is, however, limited to those product nuclei which have 
convenient half lives and established decay schemes. The formalism 
for activation measurements is outlined below. 
Let a sample be irradiated by a neutron beam with flux 
. The number of target nuclei, which yield a certain radioactive 
reaction product (Y) on being irradiated with neutrons be N^. 
Then the equation which governs the growth of Y type activity 
during irradiation may be given as follows. 
(2) 
dt 
Where is the reaction cross-section and ^  is the decay 
constant of the Y type nuclei. Let the irradiation be carried 
out for time t^. The activity of Y type nuclei at the instant 
when irradiation was stopped may be given as : 
V (3) 
17 
The disintegration rate of the Y type nuclei at any instant 
from the stop of irradiation is given by 
^ = I ^ e - ' ' (1.) 
dt 
Let G^ be the disintegration rate recorded by a certain counting 
> I 
device at time t from the stop of irradiation, then one can write 
^^ ^ ^t ^^ ^ dt G^.e e 
V/here G is the geometrical efficiency of the detector. From 
equations (3) and (5) one can write for the reaction cross-
section : 
(6) 
In actual practice the induced activity in the sample 
is counted till it reaches the background counts. A graph is 
plotted between the log of the counting rate and time 't' measured 
from the stop of the irradiation. The graph will be a straight 
line and will show the half life corresponding to the product nuclei 
By extrapolating the graph to zero time we get the counting rate 
at the instant of stop of irradiation i.e. G^^Q* Hence one can 
write the following expression for using equation (6) 
^ = TjT (7) 
In some cases it is possible that there may be two or more 
radioactive reaction products in the irradiated sample, either 
18 
due to more than one reaction channels for the interaction of 
neutrons with the same isotope or due to interaction of neutrons 
with other stable isotopes in the natural element. In such cases 
the activities can be separated provided the half lives are not 
very close to each other. By substracting the activities one 
after another from the composite decay curve, one can get 
separate half lives each showing a certain specific activity. 
(iii) Sample Preparation : 
The great advantage of the activation technique which 
has been used to measure the cross-sections in the present work 
is that we do not always need enriched isotopes. The half lives 
enable one to assign the induced activities to the proper isotopes, 
Therefore, not only the metal and me-^ ji^ l|ic powder were used but 
the oxides of the element were also used. Oxides as samples may 
be used due to the fact that (99.762 abundant) and are 
stable upon neutron capture. These isotopes would have to undergo 
19 few successive neutron captures to '^O in order to show any 
18 "/ activity. 0, which is 0.2/^  abundant, becomes beta active when it 
captures a neutron, and the half life is 29 seconds. Because the 
presence of in sample is nominal and the half life of 
is short, ^ -activity produced will be very weak. 
Staples studied in the present work were made by 
uniformly spreading the powdered substances within the perspex 
ring of specified radius. The rings were then sandwiN^ed between 
19 
two thin cellulose tapes. The thickness of the samples, their 
area of cross-section and the amount of the substance are 
to he chosen carefully for individual measurement. Larger 
amount of substances are good for improving the counting 
statistics, but are limited by the sample thickness (for a 
certain fixed area of the sample). For thicker sample self 
absorption of the emitted ^-particles in the sample is larger. 
The large sample area may also reduce the sample thickness but 
it has got its own limitations. Large sample area can not be 
used in cases where the neutron source is a point source, 
because larger sample area is associated with larger solid 
angle subtended by the sample at the point source and hence 
larger neutron energy spread. Very large sample area may also 
be inconvenient from geometry consideration of the counting 
device. For a certain measurement, a compromise had to be made 
between these three things. 
(iv) f -Counting Technique : 
An end window beta counter of 1.75 mg/cm window 
thickness shielded with 12 cm thick lead house to reduce the 
general background was used for ^ -counting. The counter was 
fixed in a perspex stand provided by shelves at fixed distances. 
Samples under investigation were fixed in a sample holder and 
kept in a shelf just below the window of p-counter. In order to 
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achieve the reproducible geometry the sample holder was kept 
at a fixed position. The expression used for the efficiency 
_ Mtx/'ic^ of is given by 
e = 1/100 [ a + b + ] (8) 
where a, b, are the branching ratios of the various f -
rays emitted) are their corresponding mass absorption 
coefficients and'd' is ,the average thiclmess (gm/cm^) which has 
to be traversed by a ^ -particle before entering into the counter. 
The mass absorption coefficients corresponding to different and 
point energies of p-particles have been taken from reference 2h, 
(v) Errors in The Measurements : 
An analysis of the experimental errors involved in any 
experimental data is very important as it indicates the reliability 
of the results. The pre-requisite for a meaningful comparison 
of the experimental data with the theory is to have an idea of 
errors in experimental values. Here, in the following few 
paragraphs the possible errors in the measurements and the 
corrections applied for the same have been discussed : 
a) The erratic behaviour of the electronic equipment may 
introduce some error in the measurement. We could get rid of this 
by stabilizing the electronic equipment for few hours before 
the start of the experiment, 
b) Non reproducibility of identical geometries of the 
irradiation and counting system, for the unknown target sample 
and the standard samples may introduce certain errors in the 
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measurements. Plowever, fixed sample holders could minimize 
this error. An estimate of about error was made for the 
non-reproducibillty of the geometry. 
c) The inaccurate measurement of irradiation time 
and the time that lapses between the stop of irradiation 
and the start of the counting can introduce errors. Special 
care has been taKen for isotopes of short lived activities 
where this error could be significant. An upper limit for 
this error could be put as lj[ in our measurements. 
d) Errors may also be introduced in the estimation 
of the total number of nuclei present in the sample. This 
may be due to the impurities present in the sample and 
due to error in the weighing. The samples were having 
purity better than 99-9/. Thus the error introduced in 
finding the total number of nuclei due to imputities, 
was always less than 0.22. A balance which weighed correctly 
up to 0.1 mg was used. The maximum and the minimum errors 
introduced in weighing was estim;^ ted to be O.k^ and.0.2y^, 
respectively. Therefore, the over all error in n^ was 
estimated to be less than ij^ . 
e) The value of the mass absorption coefficient 
for p-particles and of 'd' (mean thickness for absorption) 
ua may give an error in the value of e . This was estimated 
to be about 2^. 
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f) Gamma ray may also be detected by the beta counter. 
However, the efficiency of detection of Y-rays with a beta 
counter is very small (-^ 1^ )? because the counting of V-rays 
depends upon the release of the secondary electrons from 
the walls of the counter. The estimated error due to this 
factor was about 2/ . In few cases in order to apply this 
correction ( due to counting of -rays by the beta counter) 
the counting rate measured by beta detection technique was 
decreased by 
g) The half lives of the isotopes, the energies and 
the branching ratios of the ^ -particles may also introduce 
some error in calculating the initial activity of the sample. 
To minindze this error recent nu61ear data sheets were 
consulted. 
h) Error due to variation of neutron flux is a most 
serious en or. The variation of neutron flux during irradiation, 
because of fluctuation in proton beam current as well as 
in the shape of proton beam spot will effect the standard 
sample and the specimen sample differently and hence care 
was taken to keep the neutron flux constant to within + 52* 
The runs with large beam current fluctuations were discarded. 
Further, in the computation of cross-sections, this small 
variation was also taken into consideration in the conventional 
manner. 
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i) One may expect the presence of thermal and scattered 
neutrons at the place of irradiation of the sample. Since at 
low energies the cross-sections are very high, so their presence 
may introduce serious errors in the measurements, In our 
experiment the nearest wall from the place of irradiation 
was at a distance of more than 10 meter and the system of 
irradiation was kept 'clean' having minimum scattering material 
nearby. Therefore the slow neutron background was reasonably 
small. The background neutron flux was estimated by repeating 
activities at distances greater than normal from the neutron 
source and assuming that the direct neutron flux varied 
inversely with the square of distance while the background 
neutron flux remained constant. The flux of background neutrons 
(f^) with respect to the primary neutron flux (f) was found 
to be less than 5y/ . 
j) In addition to all the above errors there will be 
statistical error in the counting rate. This will vary from 
one case to another depending upon the activity induced in 
the samples. In the case of (n,«,) cross-sections measurements 
the magnitude of the lainimum and maximiim statistical error 
have been estimated to be 5y[ to 10^ j where as in the case 
of (n,7) cross-section measurements mostly the statistical 
errors lie between kij to 12/^  , Method of least square fitting 
has been adopted in drawing straight lines cor:-esponding to 
specific activities, particularly, in those cases where 
counting statistics are poor. 
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2.3 Experimental Results : 
All the (n,Y) cross-sections have been measured relative 
to that of The reason for choosing reaction 
as a standard are the following : 
a) The cross-section for this reaction is known^^accurately 
as a function of neutron energy in KeV energy region so that 
standard value necessary for any given energy can he easily 
obtained. 
1 p o 
b) I has a moderate half life (25 min.) and decaya 
-1 p o 
by beta emission to stable Xe. 
-1 p Q 
c) The decay scheme of I is relatively simple and 
127 
well established. Moreover, '1 is also monoisotopic. 
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I was taken in the form of Potassium Iodide which 
when irradiated by few hundreds of KeV neutrons gives admixture 
of two activities (25 min) and '^ K^ (12.5 hrs). Activity hp K1 
of K is due to (nj'V) reaction on K. As the two activities 
have halflives which differ by a factor of 30, they can be 
easily separated without causing any siZcxble statistical counting 
error. As the natural abundance of '^ K^ in KI was 6.8^; and 
the duration of irradiation of the studied samples alongwith 
two standard samples of KI (which was selected in consideration 
of the halflives of the product of interest) lies between 
5 min. to 25 min. for one case to another, 12.5 hrs. K activity 
COUNTS/tOO SEC 
o R % 
fH 
ft 
SI 
M J* 
hi 
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could not be resolved. Fig. 1 shows the halflife and decay 
-1 p Q scheme of I. It is one of the figures used for the deter-
T 2ft mination of neutron flux. 25 min. half life of I was obtained 
by substracting the background level v/hich includes few counts 
due to 12 
in fig.l) . 
1+2 .5 hrs. K activity from the composite curve(as shown 
The natural abundances of the isotopes studied and 
the decay schemes of the reaction products formed by (n,Y) 
reactions were taken from recent nuclear data sheets^^"^?^All 
the chemicals used in our (n,Y) measurements were obtained from 
iVii Johnson Mathey and Go. Ltd., London and were 99^99^ pure. 
The details of various measurements are described 
separately for each target nucleus. The relevent part of decay 
schemes alongwith the decay curves for the induced activities are 
also given. In cases where background level is not shown in the 
decay curves, the curves are plotted after substracting the 
background counting rate. While calculating the cross-sections 
the decay curves were extrapolated back to zero time to find 
the counting rate at the stop of irradiation. For clarifying 
the mode of calculation the V (n,Y) V reaction has been 
described in details. 
(n,Y) ^ ^V Reaction 
99.92 pur® ^2^5 ^^ powder form was used as the target 
material, whose area and mass were 2.5^ -5 cm^ and 0.076 gms, 
respectively. The sample was sandv/iched between two standard 
33S OS Ni SINOOO 
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samples of potassium iodide and irradiated in zero degree forward 
direction relative to the proton beam for 5 min. Induced activity 
was followed upto 32 min. After substracting the background 
we got 3.75 min. activity as shown in fig .2. The counting rate 
at zero time was obtained by extrapolating the resultant curve 
to zero time. The outline of the calculations are as follov;s : 
Number of nuclei in the sample 
Average neutron flux obtained from induced activities 
in Kl samples placed on the two sides of actual sample 
may be given as : 
6 2 ^.Gg =3.258x10 neutrons/cm .sec. 
jjetection efficiency of endwindow ^ counter (e) = 0.888 
Saturation correction for the ^^V activity (l-e^ '^ ^ ) = 0.601 
Counting rate at zero tine = 100 counts/50 sec. 
Gross-section for the reaction V(n,Y)'^  V may be given as:-
100/50 
(3.258x10^) (5.05x10^°) (0.888) (0.601) 
^ . 2 7 X 
Total error in(r= 15^ 
and soO-= 2.27 +0.3^ mb 
^^Cu (n,y)^^Cu — Reaction 
9 9 . p u r e CuO powder was used as the target material 
2 whose mass was 0.1272 gms. Its area was 2.011 cm. The sample was 
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sandwiched between the standara samples (KI) and irradiated 
for 7 mln. and 15 niin. at neutron energies hl5 XeV and 
610 KeV, respectively. Figures 3a and 3b shjw the decay curves 
of ^^Cu with half life 5.1 min. 
Neutron Energy — +l5 ^eY 
C, = 300 counts/100 sec 0 —o 
n^ = 2.978 X 10^° 
e = 0.811+ 
d-e"^^-^) = 0.606 
= 2.576 xlO^ n/cm? sec 
<j- =7.92 +.95 mb 
Neutron Energy —• 610 + 20 KeV 
G. = 200 counts/50 sec t=o 
n^  = 2.978 X 10^° 
e = 0.81^ 
d-e"'^^^) = 0.87 
(^ .Gg = 2.0611 X 10^ n/cm? sec 
a- = 9.2 +.92 mb 
^^Ga (n,?) — Reaction 
The sample v;as taken in the form of GagO^ having 
purity better than 99.9/ . The mass and area of sample were 
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2 0.1022 gms and 2.011 cm. The sample was irradiated alongwith 
tv;o standard samples for 12 min and 10 min at neutron energies 
^60 KeV and 650 KeV, respectively. Resultant curves (figs .H-a 
and H-b) of half life 21.1 min were obtained after substracting 
the background which also includes few counts due to 1^.2 hrs 
'^ G^a activity. 
Neutron Energy — +^60 + 10 KeV 
C. = 8^ -0 counts/100 sec 
n = 3.997 xlO^° o 
= 0.7363 
=0.33 
^.Gg = 2.329x10^ n/cm? sec 
cr =j57.i3 ± 3.3 mb 
Neutron Energy — 650 +20 KeV 
=1100 counts/100 sec 
n^ =3.997x10^° 
e =0.7363 
=0.28102 
^.Gg =3.859x10^ n/cm? sec 
= 3 ^ . ± 2 . ^ mb 
(n,y) ®^gSe(l8.5 min), min) ~ Reaction 
99.92 sel4;nium metal powder was bombarded along 
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with standard samples by neutrons of energy 610 KeV for l5 min. 
Measurement of activity of the sample with the beta counter was 
started after h min to allow the activities due to "^ "^ 3^6(17.5 sec) 
and (70 sec) to decay. Fig. 5 shows the decay curve with 
two resolved half lives (57.25 min and 18.5 min). 25 minute 
Q O 
activity due to ^Se is probably very small and hence could 
o-l 
not be separated out from the 18 min activity du.e to Se. 
The cross-section of ®^Se(n,"y) reaction at thermal 
energy is about 5 mb. At 610 KeV the contribution due to O O 
Se (25 min) activity t5o our measured cross-section for 
reaction, if any, is expected to be very-very 
small. (57 min) decays in to the ground state by isomeric 
transition. The cross-section for the isomeric state and the 
ground state were calculated by using eqns. (l5a) and (l5b) 
of ref. 31j which•are given as : 
G^.Gie 
=2.060x10^ n/cm? sec 
n^ =1.199x10^^ 
=0.^-88 o 
J =1A77 
-to 
33S 0( Nl SlNnOD 
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=0.1+3 
=0.18 
(C„)4._^=110 uounts/50 sec g u—o 
=35 counts/50 sec 111 0 —~o 
cr;^  =2.18+.^-^ mb 
<r =5.28+.62 mb D 
l°^Ag(n,Y) ~ Reaction 
Pure (99,9\) metallic sheet of silver was used for 
the preparation of target sample. The sample whose mass and 
2 
area were 0.357^ gms and 2.805 cm , respectively- was Irradiated 
for 7 minutes alongwith two standard samples. Fig .6 shows 
the half life curve of 
C._ =1750 counts/10 sec U ""O 
e =0.5^16 
n o 
d-e"^^ ) =0.86^ -7 
=3.6326x10^ n/cm? sec 
cr =92.^+5.6 mb 
^^^Pd ~ Reaction 
Thin palladium metal foil was used as the target 
material. The irradiation was perforiried for l5 minutes so 
_ I 
li 
X 
I O 
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31 
that most of the activity induced in the sample may be 
only due to 22 min ^^^Pd. Some activities due to 
(13,5 hrs) and (5.5 hrs) were also present, "besides 
the general background. By substracting total background 
counting rate from the composite curve the half life of 
22 min was obtained, which corresponds to ^^^Pd as shown in fig.7 
^t=o =1+00 counts/100 sec 
s =0.705^ -
d-e"^^ ) =0.3765 
^.Gg 1156x10^ 
Cr =26+3.5 mb 
^^^Sm — Reaction 
Pure (99.92) samarium oxide enriched in ^^^Sm 
was used for the preparation of target sample. The sample had 
2 
area and mass 2.011 cm and 0.0252 gms, respectively. The 
sample was aandwiched between two standard samples and then 
irradiated for 10 min and 12 min at neutron energies >+00 KeV 
and 650 KeV, respectively. The half life of 23.5 min was 
obto^ ined by substracting the background counting rate from 
the composite curve as shown in fig. 8a and 8b. 
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Neutron Energy — -^00 + 70 KeV 
C._ =7^0 Qounts/100 sec "C "^O 
n o =8.5262x10^9 
£ =0.85^8 
=0.29798 
=28.5talO^ n/cm^ sec e 
cr= 32.5 ± H- mb 
Neutron Energy — 650+20 KeV 
=2000 counts/100 sec 
n o =8.5262x10^9 
e =0.85^8 
d-e"^^ ) =0.2553 
.G^ =10.7192x10^ n/cm? sec 
I © 
<r =37+3.5 mb 
__ Reaction 
O.U-967 gm. spectrugraphically pure platin-um 
sponge was used for the preparation of target sample. In 
the usual manner, the sample was irradiated for 10 min only 
to avoid build up of the long lived activities. A half life 
of 30 min which corresponds to ^^^ obtained after 
substracting the background counting rate from the curve 
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obtained after substracting general background from the 
experimental curve as shown in fig 9. 
^t=o =350 counts/200 sec 
n^ =1.11x10^° 
e =0.26 
d-e"^^ ) =0.2015 
f.Gg =3.8^x10^ n/cm? sec 
cr =78.3 ±10 mb 
In this case the background level shown in fig.9 may be 
due to longlived activities. 
2.U- Results and Discussion : 
Table I shows the results obtained from the 
present work together with the neutron energies, half lives 
of the products and earlier reported values at nearby 
energies (where ever they are knov;n) . 
In ^ ^V, our cli^ Sss-sectic^ n value is in agreement 
with that of Dudey et al^ ^^ . Accurate measurement of (n,y) 
cross-sections for structural and fuel-cladding material is 
essential to the understanding and description of neutron 
energy and flux degradation processes present in nuclear 
reactors. Alloys of VaSdium of the types of fuel-cladding 
materials. ' 
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In ^ C u and Sm our values of cross-section are close 
to the values reported by Johnsrud et al.^^^. In ^^Ga,cross-
suction values are in agreement with those of Dovbenko et al^^^ 
Present value of "^^ "^ Ag (n,Y) ^^^Ag reaction cross-section is lower 
than the earlier reported value*^ . No literature values of 
cross-section for ^ ° S e ( n , r ^ ^ ^ P d , 
and ^ ^ ^ P t r e a c t i o n s are available in few hundreds 
of KeV region. Probably, these cross-sections are not reported 
yet^'. 
2.5 Calculations based on statistical theory : 
The theoretical values of the (n,y) cross-sections are 
calculated using Margolis formula^^ based on statistical 
theory for comparison with the experimentally measured 
values in the present work. The following expression for the 
evaluation of (n,?) cross-sections was used 
« 6fl C^f^ 
where symbols have their usual meanings(for details see 
chapter III), The parameter 5 is defined as Dj/2Trf;ja^ w^here 
is the radiation width and Dj is the level spacing between levels 
of same spin and parity. The fact that |j-can be taken as 
independent of J is not well established. Recently, we have 
shown that could be taken as independent of J to 
reproduce the experimental (n,Y) cross-sections at 2h KeV, 
36 
At higher neutron energies, J independence is yet to be 
proved and that is why we have taKen different values of 
parar.eter , , raj-J^  75"^  (in accordance with reference 8) 
to evaluate the (n,Y) cross-sections in ^00-600 KeV energy 
range. The values of jffi^ ) have been taken from low energy 
resonance parameters^?~^^^ 
While calculating cross-sections we have included the 
contribution of angular momentum of neutrons up to 1=^ -. The 
T^ C^E) values have been taken from "optical model neutron 
transmission co-efficients" due to the Perry and Buck 
In his representation the transmission co-efficients of 
partial wave with projectile spin J are given by T^ (E) and 
the average transmission co-efficients for neutrons are 
defined as ^^^ : 
(B) - + f-
(zM 
The values of level density parameters 'a' and binding 
I I 
energy of neutron B^ in order to calculate f^have been 
taken from references 35, >+0 and kh. Jilnergy levels in the target 
nucleus were taken from rocent nuclear dato. sheets^^"^^^ 
The results of calculations are compared with the 
experimental values of the cross-sections. In all cases, as 
can be seen from the table, the experimental data are in 
better agreement with the values calculated using 1.25 J 
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except where the theoretical values of cross-sections are 
quite high correspondings to ? , 1.25| and .75f . Probably 
it is due to the fact that the value of D as well as obtained 
for from low energ,y resonance parameters is not correct . 
Relatively large level spacing is expected as V has 28 neutrons. 
The theoretical value of the cross-section obtained by Dudey 
n ) 
et al ^ using Moldauer formytlism at KeV is 2.7 mb. This 
value is close to our experimental measured value and thus 
confirms our doubt on the value of "f . Therefore, the deviation 
of this case is not a real discrepency. In the 
case of ^^ '^ Pd and resonsjce parameters are not known 
and hence calculations could not be extended for both nuclei. 
From table II, it is clear that the theoretical 
values are somewhat higher than the experimental values. 
However, this higher trend may be due to the fact that for 
all nuclei except and (n,«:) channel for 
hOQ KeV - 600 KeV neutrons is open (from Q-value consideration ) 
Therefore, the assumption in the derivation of Margolis formula 
i.e. = rj,+/7i is not strictly satisfied and <r(n,y) must decrease 
by some amount to account for the contribution of oc-emission 
width in the total width. 
In view of the foregoing discussion one can conclude 
that statistical theory can be applied to predict neutron 
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capture cross-sections IryTew hundreds of KeV region provided the 
values of resonance parameters and their energy dependence 
(J-dependence) are precisely l-cnown. In the present work, the 
data points were too meagre to draw any definite conclusion 
3?egarding J-dependence of ^  . 
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CHAPTER - III 
STATISTICAL THEORY CALCULATIONS OF NEUTRON 
CAPTURE CROSS-SECTIONS AT 2h KeV 
3.1 Introduction : 
Nuclear reactions data have been investigated 
primarily to obtain knowledge about nuclear structure and 
reaction mechanism. The cross-sections in the KeV energy 
region are useful in the design of fa^ -t reactors as well 
as in the study of cosmological theory of element formation 
in the universe^^ To understand clearly the element building 
formation, neutron capture cross-sections data are required in 
the KeV energy region. Unfortunately, capture cross-sections 
in the KeV region are known at isolated energies; and these 
are also not known for all isotopes because most of these 
cross-sections have been measured using activation technique. 
This technique is limited to those cases where the life time 
of product nucleus is neither very short nor very long. In 
2) 
order to understand nucleosynthesis theory Allen et al 
used empirical expressions for finding the neutron-capture 
cross-sections at 30 KeV where they were not known experimentally. 
For this reason, the need may arise for calculating the cross-
sections in those cases when they are not known from 
experiment, 
In this energy region the neutron-capture reaction 
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takes place mostly through compound nucleus mechanism. The 
only problem in evaluating the cross-sections for this kind 
of reaction is the precise knowledge of the parameters involved 
in the theoretical formula. No systematic calculations of the 
cross-section have been done so far in this energy region. 
Miskel et al^^ have calculated the capture cross-sections 
for ^^^Ta, ^^^Au and ^^^Th nuclei in the energy 
region of 0.03 to MeV. These workers have taken three 
different values of the parameter'f i.e. 1.25 f ,5 ^ ^^ 0.75t 
(where $ = <D>/27r<I^ >^ <D> is the average level spacing and 
> is the average radiation width) in these calculations, 
Ghaubey and Sehgal^^ have calculated the parameter at 2h KeV 
for a number of cases. 
In the present work, neutron total capture cross-
sections at KeV for H-8 nuclei with mass number A ^232 
have been calculated on the basis of statistical theory. We 
have used the expression of Margolis^^ for these calculations. 
It is not known whether| is same for s- and p-wave neutrons. 
We have performed these calculations assuming (a) that <ly>y 
<D> is same^*^^ for s-, p- and d-wave neutrons (b) that <!^>/ 
<D> for p- and d-wave is (2J+1) that of the s-wave, 
9) 
assuming <rj> to be same for s—% p— and d-wave neutrons. 
The present wopK' is devoted to presenting these theoretical 
values alongwith the experimental data. It is concluded that 
<I^>/<D> is the same for s- and p-wave neutrons. 
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3.2 Calculations Based on Statistical Theory : 
The statistical theory of nuclear reactions is 
based on two main assumptions : (a) Bohr picture of the 
compound nucleus formation holds true, and (h) there is an 
overlapping of the levels at the excitation energy^ where 
the compound nucleus is formed. At higher energies of incident 
neutrons (> 1 MeV) the second assumption will hold good but 
the first assumption may not be completely valid because of 
a small contribution due to the non-compound processes as 
shown in chapter IV. In few hundreds of KeV energy region, 
both assumptions are expected to be valid and that is why 
Margolis formula based upon statistical theory has been used 
in predicting (n,Y) cross-sections in preceding chapter. 
At 2k KeV the first assiamption is completely valid whereas 
the assumption (b) also seems to be valid provided the energy 
spread of the incident neutron beam is greater than the 
spacing of the levels so that many compound states are 
5) 
simultaneously excited. Margolis has derived an expression 
for the (n,Y) cross-section based on the statistical theory. 
A brief outline of Margolis formalism may be given as follows. 
Let'l'be the spin of the target nucleus. This spin 
combines with the neutron spin to give us a"channel spin" 
j = J"= I + 1/2. The components (m) of j along the Z-axis 
(the direction of the incident neutron beam) are - j, (-j+D... 
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, (j-l), (j). Following Hauser and Feshbech^'^^ the 
cross-section for the formation of the compound nucleus with 
I I 
spin J by the incident neutron of angular momentum it and 
energy E in the channel of spin ^ and Z-component'm'may be 
given as 
(ra,;),J,mE) =(2jt+l)7r^ ^ T^  (E) X tCijO m| Jm) | ^  (1) 
is the wavelength of the incident neutron, 
CC^jOmlXm) is the Clebech-Gord^h coefficient relating to the 
probability that £ and j with Z~component 0 and m combine 
vectorially to give spin J with Z-component m, and T^ C^E) is 
the transmission coefficient for the neutrons. 
Now the partial decay probability of the compound 
state with spin J and excitation energy (B+E) (B is the last 
neutron binding energy in the compound nucleus) through V-
emission may be given as : T J" 
cr(|,J,J,m,E)x [ r; (B+E)/r (B+E)] (2) 
T T Where 1/(E+B) and PCB+E) are the partial radiation 
width and total width respectively of the compound state 
with spin J and excitation energy (E+B), Summing expression (2) 
over the possible J's and £s, and averaging over all j and m 
one gets 
x-
or. . ^^ ^^  
- ef. r. CM) 
T 
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whsrs 
^^ ^^^ h satisfy j J-l| ^  J+1 
= 1, if or (iio't both) satisfies iJ-lU^J+l 
= 0, otherwise 
Margolis used a form of level density f(E) at 
excitation energy E on the basis of Fermi gas model 
P ( E ) = C exp [2(aE)^/^] (h) 
to calculate (Jt/p). The expression derived by him is given by 
(B+E) = 1J (E) 
where is the width for the neutron emission of angular 
momentim l' and energy e' from the compound state of spin J 
and excitation energy (B+E) and 
^AI 
R B+E 
,2AI+1 g^ i x e2AI+l p(B+E-e)de...(6) 
AX being the multipolarity of the /-rays emitted and 
= D'^(B)/2Tr|^^(B) (7) 
where is the spacing of the compound nucleus levels 
of spin J at excitation energy (B), 
On the assumption that at the value of the excitation 
energy concerned compound nucleus can decay by neutron emission 
or by f-emission one can write for (n,/) reaction cross-section 
using equations (3) and (5), 
...(8) 
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where E^ ^ is the energy of the nth excited state of the target 
nucleus and = i^±l/2, where i^ is the spin of the nth 
excited state of the target nucleus. The sum over l'includes 
only those values for which parity of the system remains 
conserved. The sum over E^ includes only those states for 
which E^ < E, 
While calculating cross-sections we have included 
the contribution of angular momentum of neutrons up to = 2, 
as only s- and p-wave neutrons contribute predominantly to the 
9 ) 
capture cross-section at 2h KeV in most of the target nuclei . 
The neutrons transmission coefficients were calculated using 
the data of Campbell et al^^^ We have taken the spherical 
complex well potential with diffuse edges^^ and the value of 
nuclear radius as R = (1.25 ,5) fermis in the calculations 12) 
of T^ .^ It is assumed that dipole radiation predominates 
over other higher multipoles, the ratio of the two is of the 
order of Different values of level density parameter a, 
neutron binding energy B and pairing energy A, corresponding 
to different isotopes have been taken from the results of 
Gilbert and Cameroi^^and Baba^^^. There was no significant 
variation in the values of f^j for different isotopes. Most 
of these values lie between 0.93 to 0.97. However, we have 
taken different values of f^^ for different isotopes in our 
calculations. We also calculated f^j for ^^^Au assuming 
quadrupole radiations. This value of f^j=0.975 is very 
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close to 0.953 for dipole radiations, therefore, our 
results are not effected in the presence of a small admixture 
of quadrupole radiations. 
•^ j is defined as Dj/2Trwhere ff^^s the radiation 
width and Dj is the level apacing between levels of same spin 
and parity. We have done two se^of calculations of the 
capture cross-sections once taking into account J-dependence 
of through Dj and another taking ^ to he independent of J. l' 
and ^  denote the value with and without J-dependence. 
The parameter^ was calculated by taking the average 
value of level spacing D and radiation width fJJ from the recently 
known resonance parameters^^~^^'^\ While calculating ^^ the 
average level spacing D for zero spin target nuclei was taken 
to be equal to the observed level spacing, whereas for non-
zero spin target nuclei the average level spacing was taken to 
L|. 20) 
be twice that of the observed level spacing ' .It has been 
21) 
shown that and <D> do not change significantly up to 
100 KeV of incident neutron energy and hence these low energy 
resonance parameters can be (^afel^^Juse^ 2h KeV, 
The s-wave contributions to capture cross-section Vr^  
haj? been calculated using s-wave resonance parameters 
available in literature Z The p-wave contributions have 
been calculated following two different approaches : 
(a) that is same^'^^ for s-,p- and d-wave neutrons. 
(b) that <I?>/<D> for p- and d-wave is (2J 1) times^"^^ 
that of the s-wave, assuming <r}> to be same^^ for s-, p- and 
d-wave neutrons. 
Table 1. A comparison of 4heoielical and experimental values of neutron capture cross-sections at 24 fceV 
together with the {.b. values. 
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Target 
nucleus 
{"iM ){ (tribio )«• 
(mb) (mb) (mb) 
Ratio 
("..pi) ( O . . P I ) 
Ref. Ref. 
! ? S C , 4 14551523 ( l a , It) 55 113 821 17 511.7 (2) 1.08 ±.29 1.6 ±.36 1890-J 529 (Ig, 1 6 ) 53 i 14 99+21 5813 .91 t.24 1.7 ±.37 fSru„ 6i3i 107 ( 1 « . I F ) l::'8ll8 245129 1121'' (2i-2S) 1.14 t.l8 2.181 30 tlOu,. I553i 341 ( I S , 1?) 53113" 112 J 15 4415 ( 2 a i - 2 1 , 2 6 ) 1.2 1- 2.541.44 485i175 ( 1 8 , 1 7 ) 181 160 337193 150 i 35 (2) 1.2 ±.48 2.24±.8 
I i t i t t 4 0 438i 118' • ( 1 6 ) 195145 454 1 50 140135 (2) 1.39 ±.46 3.24 ±.87 UAsl, 871)3 (IMS) 7521 54 1326 1 71 565 i 115 (2) 1.3 ±.3 2.3 ±.48 iSBr«» 57 i \2 08. Itf) Wj 139 14501144 760 lb5 (4.39) 1.29 1.2 1 . 9 ±.24 !lBr« 71 1 15 (17,1?) .;55ll30 1236 i 134 5555 165 (4. 2 2 ) 1.54 1.3 2.2 t.35 2101 i766 (13. IS) 48 t 12 96 4 26 23 114 (2) 2.08611.37 4.I7±2.75 1400 1 254 ( I g , 1 9 ) »10 i 32 231 142 181 [ 35 (23) .66 1 21 1.27+33 2292 ^  687 (18.19) 34 t5 69 1 10 2715 (2) ).26 ±29 2.551.59 • vv 39 ' 30 477711433 (4) 22 16 49tl3 24 16 (2) .W ±..32 2 04 ±.73 1171-24 ( 1 3 , 1 9 ) 471154 609+51 320 + 35 (2) ».4S' +.22 1.9 ± 24 21651520 ( 1 ^ ) 555 1 12 115 122 35 ( 14 (2) 1.5 ±66 3 2 ±1.3 6001254 ( H 7 1 » 162 i 45 195 } 32 162146 (2) 1 1.4 1.2 +.38 288142 ( I f . 1 « ) 2", 6 i 30 436174 115t46 (2) 2.4 ±98 3 79 + 1.62 40111 (l*, O) 993 1 192 1037 J 183 1322 1 (4, 2i) .75 1 18 .78 + 1 16 531 H) ( 1 3 . 1 7 ) 787+104 835 i 98 765i()0 (4. 28) 1.02 1.15 1 09H5 77 J 2 ( 1 « ) 600115 1500 145 586 1105 (21, 4) 1.02 ±.18 2.6 ±.45 166 + 32 (4) 393150 467 1 43 272125 (4) 1.4 ±.2 1.7 ±2 38 no ( 1 8 , 1 9 ) 1096 1 63 IU0160 U38 1104 (4,28) .96 L.Ol .99 i .01 56 J 14 ( 1 % . 1 8 ) 751 t93 976 1 100 874 i5; (2) 86 ±.12 1.U±.13 'llC-s,. 53 i 12 ( 1 % . 1 9 ) 8151 154 865 1 152 805^ 45 (2) 1.01 •fc.l9 1.07 ± 19 'ISBa,, 138% 1 5488 (18,9) I5t55 31 i 10 13 11.6 (9) 1.15 ±.43 2.38 1.8 2liO , 5J.5 ( l > . 1 3 ) 48 t 10 90 • 20 50i7 (23, 4) 96 1.23 i8 1 46 
' tst'-'.i 43W) 1 1590 (9) 40 1 1 1 80 t 22 28 1 4 (9. 2a) 1.4 ±.43 2.85 i .88 2120 i 590 m 67 i 15 lU 128 61il0 («) 1.06 ± 23 2.091.54 315i 58 ( I S , 1 5 ) 217 H6 318 1 18 170 140 (21. 2S) 1.27 i.30 I 98 i 47 'liSnUu 102 1 16 (13,^) 692 1 158 850 1 138 654 i 51 (9.4. 21) 1.05 I 25 1 3 i 23 'nsrn« ( W Wi 6 9 • I f i It ill* tr t^i i 25 (9) 537 1 r.3 930 t 88 620 ) 80 (2) .86 1 . 1 5 1.5 t 24 276 i 55 (9) 146 I 55 574 t 61 290 1 41 (9) 1.19 I 25 1 98 L 15 194 1 40 (4) 489 1 79 820 , 11K> 4'«» 1 115 (21,4) .99 i 1 lti7l.5 TJH.K, 24 1 3 ( 1 8 , l£) 1575 t 210 1880 t 187 1437 1 175 (2) 1.09 1 15 I 191 U 100 i 108 (9) 377 I 118 702 1 1/b 105 i 20 (9. 23. 2J) I 21 L 18 23 18 17 5 1 55 ( U , 1 ^ ) 2(K)8 1 213 2<>40 i 165 1680 I 125 (2) 1 19 1 Ift 157 1 14 MVHf.o, 445 1-172 (9) 361 1 161 747 1 292 112 192 (2) 1 09 i 5 2 25 tlO 22 i 6 (9) l»|2 i 266 2550 1 237 1400 1 1/5 (9, 21) I 29 1.25 1 82 ±.29 
74 " i 11 217 i 4b ( 1 3 , 1 6 ) 529 i IM 1085 i 211 150 1 180 (2« 1 51 1.85 3 1 11 J 
^ 7 jKCt i 0 3IK t 72 (9) 
\VJ 1 U> m ; IM 278 t 27 (9, It, 21, 26) 1.29 i.29 2 8 1.59 
23 V 7 (13 li) 2m i-HH UliS 1 178 1760 1 210 (2) 1.3 1 . 2 8 1 9 1-3 
' J J K e . w 
' ' S A u , , . 
W 1 10 ( 1 3 16S8 i U 1 2618 ill9 18051115 (2) 92 fc.18 1.5 t.2 38 1 6 (18 If) Uob 1 2W 2209 1300 965 i 65 ( 9 , 2 1 , 2 3 ) 1.5 1 3 2.28 1.34 1187 1 261 (9) KM t i2 239 1 48 57 U7 (2) 1.8 1.65 4 2 11.4 
'i'.lllM. 
/6220 t 1,2195 (4) b 86 t 5 14 15 1 107 65 + 1 (4» 1.05 i.79 23 tl 6 49940 1 5490 U 6 . ll) 2 55 , 25 4 85 1 55 U i . T ( 2 W 1 4 1 i 56 2 7 1 (.08 
1 to t 18 ( l i . ? ) its 1 M 1 4/ 575 1 115 (2) 1 0 (22 1 1 1 26 
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3.3 Results : 
The results of the present calculations are summarized 
in Table I. In column 1st and Ilnd are given the target 
nucleus and the values of 5 ^ot different isotopes. The 
third and fourth columns contain the computed cross-sections 
corresponding to f a n d ' (= <D>/27r fy (21+1)), respectively. 
The errors in thecalculated cross-section values are due to 
errors present in the value of resonance parameters. Various 
experimental valuei2-30) of total capture cross-sections 
mostly obtained by^^tivation technique using Sb-Be Photo-
28) 
neutron source, which has an energy spread jKeV , have been 
suitably averaged in Vth column of table I, Some of the 
average values of (T^^^^ have been taken from ref.2. The 
search is not claimed to be exhaustive, but it is believed that 
7Q ft*? 1 nft no important data have been missed. In '^Br, ^Rb, Pd, 
l^Ag, ll^d, 18^, ISlj^ 2 0 9 b , 
values of are the sum of the cross-sections for the 
isomeric and the ground states, and thus are total capture 
cross-sections. The ratio of the theoretical values to those 
of experimentally measured cross-sections have been presented 
in the Vlth and Vllth column of the table. Fig.l illustrates 
the behaviour of /('^xpt.^ ("^heo.^ 
versus the neutron number N in the target nucleus. 
Practically for all cases given in table I , the 
contribution of the d-wave to capture cross-section is very 
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small in comparison vdth s- and p-wave, so it is difficult to 
say whether <j^ >/<D> for d-wave is same that of s-wave. However, 
the contribution of p-wave to the capture cross-section is 
either comparable or more than s-wave contribution in most of 
the cases, therefore, it is easy to verify whether <|^ >/<D> 
is the same for s- and p-wave. It is clear from the Fig.l that 
most of the points are closer to the line corresponding to the 
ratio 1, within experimental uncertainties, when is taken to 
be independent of J} thus confirming that <)^/<D> is the same 
for s- and p-wave, From^table it is clear that difference between 
e^heo'l^*^ nuclei 98-10%, ll'^ Od, 
^^^In, ^^^Cs is not significant and therefore it is 
difficult to verify the relation ~ 
for thBiie cases. 
It may be remarked that <l^ > and <D> can independently 
change for p-wave keeping the ratio <Iy>/<D> to be the same. 
Allen et al.^^^ have proved for ^^Fe that <I^/<D> has the value 
~0,06+0.0017 and 0,0^28+0.012 for s- and p-wave, respectively, 
•^ 2) 52 Stieglitz et have studied p-wave resonances .of Or. 
They have found that average radiation width <ly> for the p-wave 
resonances is nearly three times smaller than the <|^ > for the 
s-wave resonances. Assuming that the average level spacing obeys 
a law or (2J+1)~^, will be three times smaller than Dj^ '^* 
Thus <[J>/<D> for the p-wave resonances will remain same as that 
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of s-wave resonances for ^^Cr. Musgrove et al.^^^ have shown 
that <I^/<D> is nearly same for s- and p-wave resonances in 
Finally, we would like to point out that the assimption 
[<n>/<D>] ^ [<n>/<D>] „ which has been verified -"p-wave — ' s-wave 
experimentally for many except three in 3P 
region * is fairly well to reproduce the experimental 
\ 
cross-sections and it may be ICji^ jJii^  used to get information 
about C<l]>/<D>]^.^ave ^ ^ ^ respect to [<f]>/<J)>] by 
fitting the experimental cross-sections at higher energies. 
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CHAPTER - IV 
IWiiSTlGATION OF REACTION MECHANISMS AND TRENDS IN 
(n,Y ) CROSS-SECTIONS 
•^kl Introduction : ^ 
Early work on neutron capture showed the exist^^nce 
of narrow resonances and led to Bohr's compound nucleus 
hypothesis^^. This, in turn, was the basis of the statistical 
2 H—8) theory of nuclear reactions which proved very successful 
in predicting (n,Y ) cross-sections over wide energy range 
(few tens of KeV to MeV). The importance of other reaction 
mechanisms was considered by Lane and Lynn^*^^^ who introduced 
hard sphere or direct capture, and channel or valance capture. 
These processes arise from the overlap of initial and final 
state wave functions in the external region of the target 
nucleus, which acts as an inert core^^^ 
The experimental data available for the discussion 
of the capture mechanism are 7-ray spectra^^'^^^ emitted 
in the capture of neutrons of different energies. In the 
first theoretical Investigations, an attempt was made to 
explai n with the aid of the direct capture the presence of 
high-energy lines in the spectra of the capture gamma rays 
from the reaction (n, V ) with thermal neutrons by nuclei with 
Aoj^ O and Aci200. These lines correspond to El transitions of 
the product nucleus from the capture state to the lower 
Later, it was found^'^'^^Hhat the cross-
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section of the direct capture is too small and does not 
exceed 0.1 b in nuclei with A~50. 
In the present work, an attempt has been made to 
shed light on the capture mechanism by comparing^p^ ^^^^^heo 
(n,y ). At present, a bulk of neutron capture cross-section 
20) 
data are available alongwith the theoretical values based 
upon statistical theory of nuclear reactions. The experimental 
data on (njV ) cross-sections have also been examined to find 
any possible "shell effects". 
h,2 Results and discussion ; 
Large discrepencies in the experimental results 
reported by different group of workers might put a limit to 
the establishment of reaction mechanisms. That is why we have 
taken cross-section value from graphs given in recent BNL 
report^^^ alongwith ^15error. This choice of error limit 
ensures us the reliability of cr(n,Y ) values as this limit 
covers the range of clusters of experimental points (through 
which curves have been drawn in BNL report) . Table I gives 
the experimental values of (n,y ) cross-section together 
with the theoretical values at incident energies £^ =^10, 30, 
100, 300 KeV, 1 and 3 MeV for nuclei A^85. The ratios (r(n,y )/ 
o~ (n, V ) at these energies have been plotted against the 
compound nucleus mass (A). Figures 1 and 2 display these 
plots. 
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Gross features of )/ ) vs. A curves 
are same at Ej^ =10, 30 and 100 KeV. That is, the data points 
are scattered around the line corresponding to the ratio one 
(Fig.l). At 300 KeV, a cluster of points at A:^50 is present 
below the line corresponding to the ratio 1. At 1 MeV and 
3 MeV, except few data points, all points lie below the line 
corresponding to ratio unity. This tendency is probably 
indicative of the increasing importance of non-statistical 
processes in the capture mechanism. At higher energies the cross-
section for radiative capture via compound nucleus formation 
are strongly reduced due to the competition from other modes 
8) (i^  
of decay. It has been shown that compound nucleus model 
fails to predict capture cross-section at E^ isil^  MeV, In 
other words non-statistical processes contribute largely 
to the (n, Y ) cross-sections at E^ r^ l^  MeV. At 3 MeV it is 
inferred from Fig. (2) that at least 20-3o2 of cross-section 
should be added from non-statistical processes to the 
compound nucleus contribution in order to get an agreement 
of ^^^^^heo factor of two or better. 
The theoretical values are valid to roughly a 
factor of two^9^ The factor of two may be due to the fact 
that the statistical model cross-sections are parameter 
dependent, especially the level density expression play an 
61 
important role. Some attempts to check the level density 
21) models through fitting the cross-sections have been made . 
The level density expression (Back-Shifted Fermi Gas Formula) 
20) used in the present calculations is given by 
PCe', j; TT') = P^(E') f(£', j; TTO 
Where P (e') = MeV"^ 'M 
where is the total nuclear level density in the ToC 
nucleus of atomic mass A and moment of inertia S at the 
excitation energy e', f(e', j', vO is the distribution of spins 
and parities at that energy normalized so that the sum over 
all spins and parities is unity and 'a'and 's'are two nuclear 
parameters which are determined empirically. The above level 
density'- formula do^ot take into account shell effects 
properly. For reactions involving nuclei near closed shells, 
for which low nuclear level density is expected, the reader 
has been advised^*^^ to seek an alternate source of nuclear 
data. 
In conclusion we can say that the statistical model 
is a very useful concept for low energy (n,V ) reactions. We 
expect it to begin to break down at ^ 3 MeV due to the onset 
of non-statistical processes (e.g. direct reactions). Much 
more experimental data alongwith theoretical developments 
would enable one to draw definite conclusion regarding the 
magnitude of non-statistical processes in MeV energy region. 
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-^.3 Comments on Shell effects : 
It is apparent from figures 3 and h that the 
experimental data on (n,V ) at 30 KeV show separate systematic 
trends with neutron number for even and odd-Z nuclei. The 
odd-Z nuclei, generally limited to two isotopes exhibit pro-
nounced minima at the magic neutron numbers N=20, 50, 82 
and 126, A similar effect is observed for the even-Z nuclei 
but less pronounced because of complex situation as a result 
of large number of isotopes. Isotopic cross-sections at 
300 KeV (wherever they are available) are plotted against 
neutron numbers for odd-Z nuclei. The cross-sections are seen 
to increase immediately after neutron shell is filled. In 
contrast to the marked minima at N=20, 50, 82 and 126 the 
magic neutron number 28 appears to have little effect on 
KeV cross-sections. 
It was thought worthwhile to see whether the 
shell effects remain unaffected as the energy (E^) increases. 
In pursuit of this goal we have also plotted the cross-
section for odd-Z nuclei at 3 MeV against neutron number. 
It is clear from these figures (3-6) that shell 
effects are clearly apparent at low energies (upto 300 KeV) 
but seem to be on the verge of disappearing at high energies 
3 MeV) . The knowledge of level density plays an important 
63 
role in the statistical theory. The decreasing tendency 
of observed shell effects in (n,V) data, if interpretable 
within the frame work of statistical theory, may also be 
due to the fact th^t at high excitation energy shell effects 
22) on level density tend to disappear. 
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CHAPTER - V 
STUDY OF (n,oC) REACTIONS IN KeV REGION 
5.1 Introduction : 
The measurement of the (n,c< ) reaction on heavy-
nuclei is a difficult experimental task because of the 
extremely small cross-sections for this reaction and 
the large V-ray background in the other competing reactions. 
Except for low mass nuclei practically no experimental data 
on (n,reactions in KeV region exists to prove or to 
disprove the validity of statistical theory of nuclear 
reactions in predicting (n,o(. ) cross-sections. For this reason, 
the need arises for measuring the cross-sections for (n,oC ) 
reaction. 
The present work provides the value of cross-
section of '^^ B^i (n,«?C reaction at two incident neutron 
209 
energies for the first time. The '^ Bi target is a promissing 
target for low energy neutron initiated (n,oC ) reaction as the 
Q-value of (n/X.) reaction for this is quite high (9.633 MeV) . 
These values of the cross-sections have been compared with 
the theoretical values based on Hauser Feshback Statistical 
model. 
In addition to it, the isomeric cross-section ratios 
for ^^^Ta (n,oC ) reaction at four neutron energies 
have been measured. With the knowledge of the trend of 
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min^ '^ ''*^ ^ ^^ spins have been assigned 
to 5 min. and 25 min. isomeric states. Details are separately 
given in section (5.3) of this chapter. 
5.2 Measurements of Activation Cross-section for 
(ii,ot) reaction t 
Spectrographically pure BigO^ powder was sand-
witched between two thin pieces of cellotape. 
^he sample was^a circle of 1.6 cm. diameter. Since most of 
the cross-sections for (n,o6) reaction are rather low, somewhat 
thick sample (0.2^ -^5 gm/cm^) in comparision to (n,Y) 
measurements was taken. The requisite neutrons were obtained 
from the 
reaction using incident proton beam 
from Van de Graaff generator at I.I.T., Kanpur (India). 
The tritium target consisted of 16 Ci of tritium absorbed 
in titanium layer on thin backing of copper (~0.25 mm.). The 
circul tion of high pressure chiliad water around tht. triti\iiri ftu u^ -L 
target to remove the local heating permitted .p-KS" beam currents 
as large as 50 jJ-k for a duration of 15-20 min. without 
experiencing any serious deterioration of tritium target. 
An end window ^-counter, whose window thickness 
2 
was 1.75mg/cm , was used for detecting the ^-particles. The 
counter was shielded by a lead house to reduce the general 
background. The sample was irradiated in zero degree forward 
OOt Nl $iNn09 
•D3S OOi/SiNnOD 
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direction relative to the proton beam. The position of 
sample with respect to neutron saurce had to be very-
close to get substantial counts due to activity produced 
from (n^) reaction. However, it resulted in a large energy 
spread AE^ of the neutrons. 
Figures 1 and 2 show the decay curves of the products 
due to the (n,oC) and (n,y) reactions. By substracting the 
210 
background of 5d (n,y) activity due to Bi from the 
composite curve, we obtained a half life of U-,3 min., which 
corresponds to the activity of ^^^Tl* As ^^^Bi is mono-
isotopic, the admixture of other ^-activities is not possible. 
The following expression was used for finding the 
cross-section 
cr(n,c<) = 
e (1-e 
where G^ corresponds to the counting rate at zero time 
for the product activity produced by (n,PC) reaction ; (^G^), 
n^,^ correspond to the flux of neutrons at the place of 
irradiation of the sample, the niamber of nuclei in the target, 
and the decay constant for product nuclei formed by (n,oC) 
reaction, respectively ; and ' t' is time of irradiation 
of the sample. In calculating the detection efficiency e, 
corrections for the finite thickness of the target as well as 
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the window thickness of the p-counter were also taken 
into account. Neutron flux on both sides of the sample 
was calculated by using two standard samples of potassium 
iodide, one on each side of the specimen sample during 
irradiation with neutrons. The average of these two values of 
neutron flu:x was used for the measurement of the cross-
sections. While calculating the flux, the cross-sections 
for (n,Y) reaction at 3^0 KeV and 575 KeV were 
taken to be 0,17 b, and 0.12 b, respectively from BNL 
report (1976)^^ Details of individual measurements at 
different energies are given below. 
Neutron energy — S'+O + l50 KeV 
CQ =0.7 counts/sec. 
e =0.3356 
21 n^ =1.272 X 10 
(0G) =16.29x10® n/cmKsec. © 
d-e"-^^) =0.8 
CT" =1.26+0.18 Ab. 
Neutron energy — 575+235 KeV 
CQ =0.96 counts/sec. 
e =0.3356 
=0.98 
CT" =1.55+0.23 
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Table-I gives the experimental values of cross-
section for (n,o<.) reaction alongwith the 
theoretical values based on Hauser Feshbach statistical 
model of nuclear reactions. The experimental values aresilO if 
2) 
times larger than the theoretical values. The present values 
are also high when compared with the value (^,3 b) reported 
by Emsallem et al^^for (n,o(.,) reaction at thermal 
energy. Where cr(n,(sCo ) corresponds to the cross-section 
when the -particle feeds the ground state of the product 
nucleus. The present work proved rewarding to support one 209 of the two reported values of cross-section of ^Bi (n,oc) 
206 ^^  
T1 reaction at thermal energy. Alam and Sehgal 'looked 
for this reaction induced by thermal energy neutrons using 
p-counting technique and obtained cr= lH-5/^ b (as quoted 
in ref.3). Emsallem et al used a gold silicon surface 
barrier detector to detect <^-particles directly from the 
above reaction at the same energy and obtained 07 4.»3 b. 
The difference between these two values is quite big. Our work 
supports the latter one. 
The large discrepency between the values reported 
by Alam and Sehgal and by A.Emsallem (as shown in table 2 of 
ref.3) may be due to the following facts : 
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(1) The sample might have picked up some impurity at the 
time of irradiation in the thermal column. It seems that 
the samples were irradiated by placing them in the pit 
(located in the thermal column). In that case it is possible 
that sample might have picked up some contamination with 
nearly the same life time. The counting rate in this case was 
small and hence the chances of the impurity being discriminated 
is also very small. This might be one of the possible reasons 
for extremely large value of cross-section reported^Alam and 
Sehgal, 
(2) The sample purity though purchased from Johnson Mathey 
and Co., Ltd., London with 99.^ purity may be a point to be 
worried. 
(3) The longlived activity has not been followed up to 
the desired level and the problem of background has not been 
tackled convincingly. 
It has been pointed out^^ that experimental values (a^ )^ 
of (n,<<.) reaction are much larger than the predictions of 
statistical model of nuclear reactions for nuclei of mass 
and the pre-existance of oo-particle within the nucleus was 
suggested and its emission was treated just like that of a 
nucleon. 
The present disagreement between and 
may be due to the presence of contributions to the cross-sections' 
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TABLE - I 
Gomparision of and 0^ (n,o<.) for 
Reaction 
Energy of Neutron c^ TTn^ c^) cr: (n,<x) 7 
(KeV) ^ '^ (Ab) q^h) X lo"^ 
3^0 + 150 1,26 + .18 6.5 + 2.5 
575 ± 235 1.55 + .23 13 + 7.0 
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by reaction processes other than compound nucleus process 
e.g. preformed emmission. The veracity of this conclusion 
calls for increasing amount of experimental data in KeV 
region. 
5.3 ^^^Ta (n,et) ^ ^^^'^Lu Reaction and isomeric states 
of 7iLU^o7 ' 
(i) Introduction : 
According to Gallanger and Moszkowski^^ the ground 
state of deformed odd-odd nuclei could be represented by 
two particle state of the last odd proton and last odd 
neutron. In ^ ^^Lu nucleus the last (71 st) proton and last 
(107 th) neutron are known to occupy the and 
9V2[62^-]t Nilsson states, respectively. On the basis of 
coupling rule^^ the spin and parity of ground state is 
7) 
Gallanger'^has extended the applicability of the coupling 
rule to the low lying intrinsic states of both odd-odd and 
even-even deformed nuclei. The Nilsson orbital ordering adja-
cent to Z = 71 and N = 107 are given as follows : 
Z Nilsson orbital N Nilsson orbital 
69 l L / 2 i h l i n 105 7 7 2 [51^31 
71 7^/2lh0h]l 107 9% [62if]f 
73 9 7 2 [51>+]T 109 i 7 2 [510]i 
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Coupling scheme produces spins of 7» and 9 for isomeric 
state : 
P % LhohU + n [51^] i 
p + n 9 /2 [62H-3T S"" 
p 9 /2 [5l i f ] t + n 9 /2 [62l+]t 9" 
There are various discrepencies in the experimental 
data which does not give a consistent picture of decay scheme. 
Different half-lives { 
3013-16) ,,13) 28.1.17) 23^^^ and 22.7 minute^^^} have 
I ryO 
been reported. Isomeric pairs of Lu nucleus with half lives 
of 22 and min.^ ®^ , 30 and 16 min.^^J 5 and 30 min.^ ^^ , 
30 and 23 min^^^ and 28.7 and 22.7 min.^^^ for the ground and 
isomeric states, respectively, have been proposed. More 18) 
recently, Alam and Sehgal ' obtained halflives of 25 and 
5 mins for the ground and isomeric states of ^^^Lu nucleus, 
respectively. These isomeric states were produced by 
different reactions as shown in Table II. 
Table - II 
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Target 
Nucleus Reaction 
Product 
Nucleus 
Spin and 
half life 
Reference 
181 Ta (n,o^ ) 
Enriched (y,^) 
178g 
178m 
Lu 
Lu 
1 , 5 min 
8"^ ,30 min 
H.BaMiru and 
S.K.MukherJee 
(196if) } 
1 ,30 min 
iT.Tamura 
(7",9"),23 min | ^^^^^ 
Enriched ^^^Yb 
Enriched ^^^Yh 
(t,p) 
(t,n) 
min) ^ 
decays to 1 ,28 A min 
178g =Lu 
(7'',8"^ ,9")22 min 
G.J.orth 
et al. 
(1973) 
181 Ta (n,ot) 
178g 
178m 
Lu 
uU 
7",25 min ; 
0 , 5 min ' 
J.Alam and 
M.L.Sehgal 
(197^) 
From table II, it is interesting to note that the 
22 min. "^^ L^u isomer could not be produced through 
reaction. To confirm it as well as to resolve the inconsistency 
in assigning spins to isomers we have produced ^^^^'^LU 
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1 81 from (n,oC) reaction on Ta, using neutrons of four 
different energies. The measurement of isomeric cross-
section ratios [ CT" (n,t<)/(n,oc)] at different neutron 
energies may provide valuable information about the spins 
of isomeric states. The trend between the ratio [cT-Cn, )/ 
or (n,p{.)] vs. E (neutron energy) would decide whether 5 min state 
^^nun n 
is high angular momentum state. So far no attempt has been 
made to measure the ratio g~ (nfOi)/(r' .(n,<<) at different ymift. arwin 
neutron energies. 
Due to the large difference between spins of 
isomeric states, viz., l"*" for ground state and [7"">8^,9'] 
for isomeric state, the Y-ray transition probability for the 
isomeric transition is expected to be very small and that 
17) 
is why no isomeric transition could be observed and energy 
difference between the two isomeric states could not be 
determined directly. 
In the earlier work from this lab^f^ an attempt 
was made to get an information about the isomeric states of 
178 
Lu through a study of the cross-sections for the production 
of 25 min and 5 min life time by ^^^Ta (n,a) reaction, 
using thermal neutrons from Apsara Reactor at Bombay (India). 
By equating the experimental isomeric cross-section ratio { cr (n,«:)/a~(n,c<,) = 2.7 + 0.3] to the calculated isomeric is-mift, s-win. — 
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cross-sections for different spin pairs according to 
Gal 
178 
langer^^ four possible calculated isomeric states of 
Lu were suggested. On the basis of Bakhru and Mukherjee's 
work^^^ the possibility of 25 min ^^^LuCl"^) and 5 min 
was ruled out. However, in the light of available data published 
after 196^ + and present work, this pair of spins for the isomers 
1 oO 
of Lu nucleus can not be discarded. 
(ii) Experimental Procedure : 
The requisite neutrons were obtained from the 
%(p,n)^He- reaction using incident proton beam of energy^ 1,^6 MeV 
from Van-de-Graaff generator at I.I.T., Kanpur (India), The 
txitiiam target consisted of l6Ci of tritium absorbed in 
titanium layer on a thin backing of copper. The sample to be 
irradiated was circular having 1.6 cm diameter. The neutron 
Q flux at the place of irradiation was of the order ~10 neutrons/ 
2/ cm Asec. 
The element tantalum was spectrographically pure 
having purity better than 99.9/f and was obtained from M/S. 
Johnson Math^ey and Co., Ltd., London. The details regarding 
the sample preparation, counter shielding etc. have been 
discussed in chapter II, 
(iii) The (n,oC) ^ ^^ S^ ni^ y Reaction : 
Pure (99.9/) tantalum metallic sheet of thickness 
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,5 nun was used for the preparation of target sample. The 
sample was irradiated by neutrons of four energies. Figs (1-^) 
show the decay curves due to (n,oc) and(n,y) reactions. When 
the background activity due to ^^^Ta ^^X/a" ^^^ ^ays) is, 
substracted from figs, the tail of the resultant curves gave 
25 min half life as shown in figs. After extrapolating the 
25 min activity to zero time and substracting these curves 
from the resultant curves, a half life of 5 min was also 
obtained. 
The following equation has been used to calculate 
the isomeric cross-section ratio : 
^ X 
'^Smln^"'^) =025 
Neutron Energy — 270 + 100 KeV 
a. Due to 5 min activity 
Counting rate per second at zero time (C^^) =0.^6 
Detection efficiency of |5-counter (e^) =0A59 
Saturation correction for activity =0.875 
b. Due to 25 min activity 
Counting rate per second at zero time ~0*37 
Detection efficiency of p-counter (^25^ =0.30 
Saturation correction for ^^^Lu activity =0.31+ 
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(r(n,oc) for 5 min activity 0,U6 ^ 0.3^ ^ 0.30 
cr(n,<^ ) for 25 min activity 0.37 0.875 0.^ -59 
min 
0.32 ± 0.067 
min^^''^) 
Neutron Energy — 6l5 ± 110 KeV 
a. Due to 5 min activity 
= 0 .26 
e^ = 0.if59 
= 0.875 
b. Due to 25 min activity 
^025 = 
e^^ = 0.30 
(l-e"'^ "^'^ ) = 0.3^ 
^ ^ ^ = 0.3723 + 0.085 '25 
Neutron Energy — 690 + 120 KeV 
a. Due to 5 min activity 
0,5 = 1.35 
= 0.^ -59 
d-e"'^?^) = 0.986^ -
b. Due to 25 min activity 
C025 = 
-25 = 0.30 
= 0.5769 
^ 5 min 
= 0A026 + 0.06 
•^ 25 min 
Neutron Energy — 875 ± 125 TCeV 
a. Due to 5 min activity 
Go5 = 
£5 = o.U-59 
a-e'-^s^) = 0.967 
b. Due to 25 min activity 
C025 = 
(l-e'^^f) = o.U-99 
^ 5 min 
= 0.7076 + 0.12 
25 min 
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The measured values of ^^ ^^ ^ ^^^ (n,of.) as well 
as neutron energies are listed in Table III. 
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Table - III 
Neutron Energy (E^) cr^  ^ ^^ min 
(KeV) 
270 + 100 0.32 + 0.067 
615 ± 110 0.372+ 0 .085 
690 + 120 0.^-026+ 0.060 
875 ± 125 0.7076+ 0.12 
The ratios (n,of)/o'25 j^iji (n,o<) are insensitive to 
any error present because of non-reproducibility of the 
position of irradiation and the counting geometry. Any error 
introduced by estimating the number of target nuclei also 
gets cancelled in present calculation. 
The measured values of the isomeric cross-section 
ratio are plotted in fig. 5 as a function of E^ .^ It is clear 
from the figure that cross-section ratio increases with the 
energy of the neutron. From this trend it may be inferred 
that 5 min state should be high spin state as the neutron 
energy increases higher angular momentum start taking part, 
and the probability of population of high spin state will be 
more than thut of low spin state. 
In the earlier work, Alam and Sehgal^^^ proposed 
four possible calculated isomeric state of ^^^Lu by equating 
the experimental isomeric cross-section ratio [ CT^ ^ min^^''*^/ 
^ = 2 . 7 + 0.3} measured at thermal neutron energy 
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to the calculated Isomeric cross-sections for different 
spin pairs. Fig. 6 shows different possible calculated 
1 7R 
isomeric states of Lu. Present work rules out the 
possibilities (a) and (c) in fig, 6. From an analysis of 
Y and Y-V coincidence experiments^^"^'^^ 
and also from the consideration of coupling rule of Nilsson 
6 7) 
states it is well established that the spin of ground 
state of '^^ L^u nucleus should be l"'" and hence the possibility 
(6d) shown in Fig. (6> ) is also ruled out. The sets of spins 
l"*", 7" and l"*", 9" for isomeric states have not been considered 
in earlier work^^^ Tsutomu Tamuf^ has suggestei^^ 7" for the 
isomeric state of '^^ L^u having halflife of 23 minutes. In 
the present case 5 min. life time also corresponds to some 
17R — high spin state in Lu, Obviously it can not have 7" spin. 
The probable spins for the 5 min. isomeric state are 8"^ , 9~ 
due to the coupling of and n[62lf]t; and p[5l^]t and 
n[62l+]t configurations, respectively. It is not possible to say 
whether this state is below or above 23 min. '^^ L^u (7~) state. 
But the energy difference between 23 min. (7~) and 
5 min. 9"") 
must be very small otherwise isomeric 
transition between these two must have been observed. If this 
energy difference happens to be large then it would not be 
possible to explain both 5 min. and 23 min. isomeric states. 
8 o 
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CHAPTER - VI 
STATISTICAL ANALYSIS OF S- AHD P-VUVE NEUTRON REDUCED WIDTHS 
6.1 Introduction : 
It is well known that the absorption cross-section 
of neutrons with energies of few tens of electron volts has 
resonances structure. The resonances correspond to the excited 
—18 level of the compound nucleus with life time ranging from lO" 
.Ik sec. to 10 sec. which is an extremely long time in terms 
- 2 2 
of nuclear transit time (~10 sec.). The aim of the resonance 
analysis is to determine the following parameters : the energy 
of the resonance (E^), the neutron width (Pj^ )* the total width 
(P), the total radiation width the fission width C/J) and 
the level spacing (D). The time of flight technique is mostly 
used to study neutron resonances. In the recent years, both 
the quantity and quality of neutron cross-section data have 
increased rapidly as a result of developments of the time of 
flight method^\ such as the increase in the intensity of the 
pulsed neutron sources, improved detectors, large multichannel 
analyzers and the availability of larger samples of enriched 
isotopes. The average resonance parameters and their distribu-
tions are important for the statistical theory of nuclear 
reactions as well as for reactor physics calculations. In the 
present work we nave studied the distribution of a - and p-wave 
neutron reduced widths. 
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6.2 S-wave neutron reduced widths (Pj^ ) : 
The knowledge of X^distribution of neutron reduced 
widthsflj^ is of great importance in the theory of nuclear 
reactions as well as^\uclear engineering. The value of degree 
A 
of freedom V associated with ^^distribution of the reduced widths 
of a nucleus enters as one of the input data in the Moldauer 
theory^^ for the evaluation of (n,rl) reaction yields. The 
mathematical form of the distribution of the individual s-wave 
neutron reduced widths was established by Porter and Thomas^^, 
who gave a theoretical basis for the distribution. They reasoned 
that since the levels in the compound nucleus are of very 
complicated nature, the phases of the wave functions of the 
contributing states would be distributed randomly. This would 
result in a gaussian distribution ofJl^ °and hence a 1^ =1 distri-
bution in . The fact that the neutron reduced widths (1^) 
distribution obeyed aV^l distribution seemed very reasonable 
since there is only one exi^ it channel in the scattering process 
for these low energy neutrons. This picture can readily be 
applied to the total radiation width . Because a level can 
decay by many exit channels one would expect the totally to 
follow a distribution with a large )) . The expression for chi-
squared distribution with one degree of freedom (V=l) is 
where ^ = - S i . P = 
fio ' 
The above distribution satisfied the reduced neutron widths 
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h) 
available at that time for different isotopes. Later, Garrison 
studied the problem in the same way as Porter and Thomas. For 
his investigation he combined the reduced neutron widths for 
some nuclei and concluded the y=l distribution. This method 
of analysis could not reveal departure, if any for individual 
nucleus, from the P.T. distribution^^. 
Recently, Sharma and Ra'j^ ^ determined the value of 
degree of freedom iV) appropriate to individual nuclei. They 
pointed out the possibility of structure effect in the value 
of U. No definite conclusion could be drawn by them because 
they analysed insufficient number of cases (e.g. 20 nuclei). 
For 252 of cases studied by them, the widths were known 
for less than 25 levels, the statistically insignificant number 
of s-levels. However, in the later publication they reported^^ 
the analysis on f^" for 22 nuclei and found six cases for which 
the value of V was 2, No explanation has been suggested by them 
for this higher value of'2;' . 
In the present work, an attempt has been made to 
determine the value of V appropriate to individual nuclei. 
The analysis has been undertaken for those nuclei where more 
than thirty reduced neutron widths are known. It is shown that, 
contrary to wide spread opinion, the s-wave reduced neutron 
widths do not always follow single channel Porter Thomas 
distribution. Possible explanation for this deviation has been 
given. 
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(i) Analysis : 
During the last few years a lot of new improved exp-
erimental data onQ^have been accumulated. To analyse this 
experimental data, the maximum liklihood method has been 
used to determine the value of . In the present analysis 
the statistical weight factor (g) was assumed to be 1/2, 
except for zero spin target nuclei, where it is known to be 
unity, 
an almost complete J (total angular momentum) determination 
of 
177 
177 The nucleus Hf is one of the few examples where 
7) large set of neutron resonances has been achieved''. For 
Hf nucleus, (gf^  ) values are known for 133 resonances. 
We find that the degree of freedom )) in this case comes out 
to be when the value of g is. taken as 1/2, For most 
of these resonances, J assignment is also known. From these 
J values the exact value of g has been determined for each 
resonance. Using these exact value of g for each resonance, 
the value of V has also been deduced which comes out to be 
(l,32+0,m-). It is clear from this example that assuming g=l/2 
in the present analysis is quite safe. 
Thus we find that the value of l) is not very sensitive 
to the uncertainty in g values for odd nuclei because the 
reduced neutron widths varies over a much larger range than 
one would have been from the two possible g values in odd A 
nuclei. In the present work, the uncertainty in the value of 
has also not been taken into account, It has been shown^^ 
'-'"WW 
FIG.L 
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that f^ " distribution is too broad to be sensitive to the 
uncertainty in Q", For a particular nucleus the value of 
y=2p, the degree of freedom of distribution of neutron 
reduced widths,hereafter referred to asP, was determined by 
Porter - Thomas procedure^^ which is as follows : 
The general expression for the ;\f^-distribution is 
given as 
P(x,f) dx = Rf)"^ e"f^fdx ....(1) 
where =2f is called the degree of freedom of the ^ distribution 
and rep) the Gamma fiinction. For a few^- values the distribution 
functions P(x,p) are shown in Fig.l. It can be noted from this 
figure that P(x,l) and P(x,2) do not differ much in the region 
of high value of x(=r'/<n>) but are appreciably different in 
the lower side. Further it is obvious from Eq.(l) that <x>=l 
2 2 —1 and the variance of x (Var x=<x^>-<x^> ) is equal to p > 
that is, as L) increases the distribution becomes narrower and 
centered about unity. 
The most probable value of f(hence y) is determined 
8 Q) by the solution of the transcendental equation 
(1/m) J Lp (fTAiS) - F(p) = 0 (2) 
where F(f) = - Ln(p; 
fin = d/dp Ln [PCP)] 
and m is the total number of neutron reduced widths. The 
value of F(p) is taken from graphical relation between F(p) 
and )) ^ ^. The standard error in the estimate of V is given b
WMBER OF UEVELS 
2 5 o o 
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the variance of l) . 
Varl> = 2 m"^ [fCP) - r ^ V ^ (3) 
yheref'ie) = ^IfiF)} + Ln(p)] 
The value of 'i^ 'ls sensitive to the missed levels and 
to the statistical sample. Plots of the ciunulative number of 
levels up to energy E, vs. E were drawn. Fig. 2 is a specimen 
plot for nucleus. A plot of this kind is expected to be 
a straight line provided levels are not missed and the slope 
gives the average level spacing for s-levels <Ds>. The region 
up to Moo eV has a slope which gives <D^> = 4.5 eV, followed 
by decreasing slope at higher energies wheue an increasing 
fraction of weak levels might have been missed. For this case, 
we have taken data only up to energy UOO eV. These plots also 
take care of the presence of levels due to p-wave neutrons. 
In case, p-wave resonances are considerably mixed with s-levels 
the slope of straight line should be three times the 
slope of s-wave (<D_>) in accordance with (2^+1) dependence 
of level spacing. Similar plots were drawn for all those cases 
where V was not one. In each case, levels have been considered 
only up to the energy where first slope (<D_>) ends in order 
to find out the value of l) which is not contaminated by missed 
resonances. 
Equation (2) determines l) accurately when m is 
sufficiently large. The sample sizes available for various 
nuclei are still not large and a correction must be made for 
90 
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a possible difference of the sample average (P = 2 fT/m) i 
from the population average <p>. The function <p is then 
formed such that^^ 
0 = 1/m ? Ln (f7/p) + F(mP) - F(p) (h) 
One then gets from and 
P(r,p)dP = r(mp)"^ Exp(-mpp/<r>)xd[mpn/<P>]...(5) 
that <4>> = 0 and 
Var 0 = m"^ f'if) - ) (6) 
The Centre-Limit theorem states that as m increases the 
distribution for ^ approaches normality which means that 
P(0)d0 (27r Var Exp (-^&^/2Var (p)a<p 
while analysing the sample it is assumed that m is large 
enough to test the hypothesis that P follows a X -distribution 
with the degree of freedom 2m f and hence f^  has a degree of 
freedom 2f ^ l), 
To test this hypothesis the probability integral 
(error function) ^ 
I =/^TrJ Exp(-z^/2)d2:j a = 0/(Var (7) 
is evaluated. At tiie level of reliability^}^if 1(5)^0.95 
2 3-(or a <3.6) for a given valueofU* the hypothesis of a -
distribution with this degree of freedom is considered to be 
true, 
(ii) Result and Discussion s 
The results of the analysis are shown in table I. 
Most of the nuclei have either =1 or D =2, However, there 
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are two nuclei, viz, ^^^In and ^'^^Te for which U>3. Table 
also shows the corresponding results of testing of the 
hypothesis at 5/ level of reliability. It can be noted that 
the hypothesis for most of the nuclei is consistent either 
with )J =1 or ])=2 but there are cases (16^ ) for which the 
hypothesis is consistent both with U =1 and l)=2. The reason 
for the latter cases may be due to the inadequate sample of Pi. 
As is evident from Fig.3 many points lie around the line 
corresponding to =1, thus confirming the P.T. distribution 
for Ps. However, in the mass regions k t^  50 and A 150 we 
find that there are many nuclei for which 1^=2, 
In earlier analysis^^""^^! P.T. distribution was 
assumed to represent the distribution of reduced neutron 
widths correctly. Any deviation of the experimental data 
from the P.T, distribution was explained either due to some 
missed resonances having small l^ 'or due to the inclusion of 
some p-wave resonances. This is because the inclusion of p-wave 
resonances reduces the value of l) and the omission of some 
6 
resonances of smaller f^  leads to a higher value of l) . The 
which have been analyzed here are of much better quality 
than the data examined by earlier workers^"^^. Also, the I ' 
inaccuracy in the value of I) because of missing levels as well 
as sample sizes has been almost taken care of. Therefore, it 
is worthwhile to establish a departure from the P,T.distribution 
in the mass regions A 50 and A ^ 150. 
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The analysis of the distribution of experimental 
reduced widths.by Porter and Thomas (19^6) confirmed the 
X^-distribution with I) =1 thus confirming the assumption of 
independent, normally distributed and real reduced width 
amplitudes. It is important to note that the value of 1>>1 
has not been completely ruled out by them^^. If the reduced 
widths amplitudes were regarded essentially complex with real 
and imaginary parts which are distributed normally, the 
reduced neutron mdths would follow a distribution with 
characterstic some where between a X-distribution with one 
and with two degrees of freedom, depending on relative 
magnitudes and correlations of real and imaginary parts. 
Possible explanations for Jj=2 may be as follows. 
If we have a pure compound nucleus reaction the cross-section 
to a single state should fluctuate essentially like a P.T, 
distribution^^ The departure from P.T.distribution at once 
indicates the contributions to the cross-section due to other 
non-statistical reaction channels (e.g. direct reaction). 
Structure in garama ray spectra from thermal neutron capture 
was the first evidence found for non-statistical processes 
in neutron capture. An excess of high energy gamma rays even 
at low energy of neutrons was mass regions A ~ 50-
60 and A is? 200. For most of nuclei around A 50 and A > l5o 
I I 
the value of V is two and .thus may be due to the presence of 
non-statistical processes in addition to the compound nucleus 
process. 
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The nuclei In mass regions A 150 are considerably 
deformed. It may be expected that a single resonance splits 
into two components, due to spheroidal shape. Thus the reduced 
neutron width measured in an experiment is actually the sum^  
of two independent widths, one for each splitted resonance. 
If we assume equal population of both components, the reduced 
> 
neutron widths would obey a X -distribution with two degrees 
of freedom. 
6,3 Analysis of p-wave neutron reduced widths (fj,^) : 
It has been usually assiamei'^ *^ ®'^ ^^  that the 
experimental p-wave neutron reduced widths obey a Porter-
Thomas distribution (^''-distribution with degree of freedom 1^=1), 
22) Shapiro raised the question whether reduced neutron widths 
follow a X'-distribution with =1 or their distribution 
should be narrower. However, he favoured the latter possibility. 
Solution of this problem would be an important step towards 
a better understanding of spin dependence and structure of 
wave functions of states involving in a nuclear reaction . 
One of the means for solving the above problem is to study 
the distribution 
of r; . No attempt has been made so far to 
analyse the reduced widtiis . In the present work, we have 
analysed the widths l^ f^or nuclei (for which experimental data 
are availa&le) within th- frame work of Porter and Thomas^^, 
The p-wave neutron reduced widths were determined 
using the recently compiled^'^'^^^ value of gQ^and dividing by 
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QO ^ 
an average value of 'g'. For Sr nucleus, 'g values are known 
for 35 p-wave resonances. We find that the degree of freedom 
in this case comes out to be (2 + 0,37) when the average value 
of 'g' is taken. Using the exact values of 'g' for each 
resonance, the value of D has'also been deduced which comes 
out to be (2,1 + 0.5). It is clear from this example that 
assuming average value of "g' in the present analysis is quite 25) 
safe for even-even nuclei. It has been also shown by Harvey 
that distribution is too broad to be sensitive to the 
uncertainty in 'g' values. 
In table II, we have presented the result of our 
analysis. It is clear from the table that the degree of freedom 
D varies from nucleus to nucleus. For most of these nuclei, 
the value of appears to be larger than one would expect 103 
from simplest considerations. However, -"^ K, MO and Rh 
are exceptions, 20 21) 
In the earlier worK ' ' the single channel 
P.T, distribution has been considered to represent correctly 
the distribution of , and any deviation of experimental data 
from P.T. distribution has been expected either due to the 
inclusion of d-wave neutron reduced widths or due to the 
possibility of undetectable gmall widths. However, the present 
work does not seem to support such ajjguments, For instance take p op P ft ft 
the case Th, U and Sr which have got a considerable 
number of rj^^ , The higher value of U for these cases cannot be 
attributed only to the omission of some small widths. 
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In this work, we want to emphasize that besides 
the facts such distributions are sensitive to the lack of 
missed levels and to the statistical sample, there may be 
other reasons for the deviation of experimental data from 
single channel P.T. distribution^^ 
In general, we can have or 
6 for and ^^ I'lb nuclei. For p-neutrons, either or 
or ii^ "teractions may be presant. Both P^/2 ^ ^ ^1/2 
contribute to J = and 5, but only P2/2 to J = 3 or 6. Thus, 
in an ordinary experiment with unpolarized beam and unpolarized 
target, the measured neutron widths is actually 
the sum of two widths ^ +and Q- corresponding to P^/2 ^ ^ ^1/2 
interactions. Therefore, it appears likely thatr^J=^,5) should 
follow a distribution with characteristic somewhere between 
•J, 
a X-distribution with one and with two degrees of freedom 
depending on relative magnitudes of Q+and I^ - , This situation 
is in contrast to single channel P.T. distribution mostly c 
followed by s-wave neutron reduced widths (f^  ) or widths 
resulting from p-wave neutrons on I = 0 target nuclei. 
If we have pure compound nucleus reaction, the cross-
section to a single state should fluctuate essentially like 
a single channel P.T, distribution^^. Any departure from it may 
be due to the presence of contributions to the cross-section 
by reaction processes other than compound nucleus process, 
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Analysis of much reliable data would establish 
either of two important facts : (a) an appreciable correlation 
1 1 
between w and U,- or a large difference in their average 
magnitudes, (b) independent evidence for the existence of 
reaction processes e.g. direct capture and semi-direct capture 
in addition to the compound nucleus process in the same way 
as neutron - captxire Y"-ray spectra reveal '. 
Our interest in this topic will gain momentum in 
future with the operation of variable energy cyclotron (VEC) 
in our country which wo\ild enable us to measure the neutron 
reduced widths. 
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TABLE - II 
Nucleus (J^) 
Number of 
p-wave neutron 
reduced widths. 
1 I 
V 
18 ^^ 21 1.9^0.52^-
K (3/2'") 28 1.25+0.282 
^ Ca (0^) 25 >3 
II Sr (O"*) 2.0 + 0.37 
Y (1/2-) 18 1.83+0.53 
11 Mo (O") 36 2.53+0.if3 
11 Nb (9/2"') W 1.89+0.33 
^^ Mo (0^) 11+ 0.95+0.29 
Mo (0^) ^ 2.18+0.39 
J^^Bh (1/2-) 21 1.62+0.1+3 
i f Pb (1/2-) 17 >3 
IfBl (9/2") 26 2.27+0.56 
I f Th (O") 105 >3 
(0^) 73 >3 
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CHAPTER - VII 
E^-TRANSITION PROBABILITIES AND DAVYDOV-ROSTOVSKY MODEL 
7.1 Introduction : 
In spite of the great successes of the shell model 
in the prediction of ground state spins, parities, a and § 
decay systematics and so forth, this model still has exhibited 
many limitations. For example, experimentally observed nuclear 
quadrupole moments are in most cases much larger than the 
shell model predictions, especially, in the regions between 
closed shells} the transition probabilities of low lying states 
exceed the single particle estimates. These observations led 
to the development of various collective models dealing with 
a motion where many nucleons move coherently with well defined 
phases. In fact two basically different models emerged, viz, 
low energy collective model and high energy collective model 
(giant resonances). The first of these deals with collective 
surface degrees of freedom and thus witii low energy collective 
rotations and vibrations of nuclei. Bohr and Mottelson 
dealt with both collective and single particle phenomena and 
established the important conceptual bases for work in this 
area. 
The low energy spectra of the even-even nuclei exhibit 
a sequence of states with Iw = 0^, 2 \ and S o O 
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energies approximately following an 1(1+1) law in certain 
regions of A, namely, from A = 19 to 28, from 150 to 196, 
for A ^ 222 and for neutron deficient Ba and Ge isotopes. 
The excitation energy of 2^ state is observed to be of the o 
order 100 KeV in even-even nuclei for which proton and 
neutron numbers are far from being magic. This excitation 
energy is considerably smaller than the single particle 
(nucleon) excitations between shells or subshells which are 
of the order of 5-6 MeV between shells and 1 MeV between 
subshells. This fact coupled with a spin dependence 1(1+1) 
in the position of the energy levels suggests immediately 
the rotational character of the states by analogy with 
molecular Physics. A symmetric rotator will have rotational 
energies E^ = I^+l) ^  , where 5 is the moment of inertia. 
The regions in which the rotational spectra occur 
correspond to ground sto.te configurations with many particles 
outside of closed shells. WiJ-Le the closed shell, configurations 
prefer the spherical symmetry, the orbits of the particles 
outside the closed shells are strongly anisotropic and drive 
the system away from spherical symmetry. These nuclei are said 
to be rotational nuclei or deformed since only deformed nuclei 
can have a moment of inertia. Rainwater^^ observed that if the 
nuclei are assumed to have spheros^idal shapes, then the many 
protons in the nucleus can give large values of the quadrupole 
moment as were found experimentally. 
The rotational mode of excitation corresponds to the 
Fig. Schematic diagram for angular momenta 
in deformed nuclei. 
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rotation of the nucleus in space about an axis perpendicular 
to the axis of symmetry. The orientation of a body in three 
dimensional space involves three angular variables, such as 
Euler angles W= yj^  and three quantum numbers are needed 
in order to specify the state of motion. The total angular 
momentum I and its component M = on a space fixed axis 
provide two of these quantum numbers; the third may be 
obtained by considering the components of I with respect to 
( intrinsic ) body -fixed co-ordinate system with ori^entation 
CO • The eigen values of are denoted by K and have same 
ranges of values as does M, 
K = I, I - 1, , -I. 
The angular momentum coupling scheme for the deformed nuclei 
is shown in Fig.l, The z - axis belong to a co - ordinate 
system fixed in the laboratory, while the 3 - axis is part of 
a body-fixed co - ordinate system. 
In the nucleus, the possibility of collective shape 
oscillations (vibrations) is strongly suggested by the fact 
that some nuclei are found to have non-spherical equilibrium 
shapes, \^ereas others, such as closed shell nuclei, have an 
equilibrium with spherical shape. One might thus expect to 
find intermediate situations in which the shape undergoes 
rather large fluctuations away from the equilibrium shape. 
Indeed, a striking feature of the energy spectra of almost all 
nuclei is the occurance of low lying states that are strongly 
e* 
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Fib. Typical band structure for • defomMd even-even nuclAis. 
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excited by electric qui^drupole process. In the regions of non 
spherical nuclei, these states are membe3^ ''of ground state 
rotational band, but for the remaining nuclei, it appears that 
•we are dealing with collective vibrations in the nuclear shape. 
The vibrational excitations are classified into two types for 
the assumed axially symmetric shape of the nucleus : one is 
gamma band and the other is beta band, p-vibrations which are 
similar to the breathing modes in molecules preserve the axial 
symmetry. TheY-vibrations which result in a wave like motion 
around the equator of the nucleus break the axial symmetry and 
lead to nuclear shapes of ellipsoidal type. Each of these 
vibrational states would have a rotational spectrum based on 
it with spin sequence H-"*" for the p-states and 
2"*", 3"*", for the/-states. The typical band 
structure of a deformed nucleus is shown in figure 2, 
In any quantal system, there will be fluctuations 
in the shape, which involve momentary excursions away from 
axial symmetry. If the system possesses a stable equilibrium 
shape that deviates from axial symmetry, it becomes possible 
to go a step further in the separation between rotational and 
intrinsic motion and to consider collective rotations about 
all axis of the intrinsic structure. The study of rotational 
motion in nuclei with asymmetric shape is potentially a field 
of broad scope. The possibility of exploiting the asymmetric 
rotor in the interpretation of nuclear spectra has been 
6 7) especially emphasized by Davydov and Co-workers"^ . 
10 o 
Davydov and Filippov^^ have proposed a model for 
deformed nuclei in which they assume that the rotation of the 
nucleus takes place without change of the intrinsic state. The 
equilibrium shape of the nucleus is like a triaxial ellipsoid 
and is determined by the two parameters and , where 
is the deformation parameter and is the nonaxiality parameter 
which determines the deviation from the axial symmetry. The 
axial symmetry of the nucleus represents a degenerate 
situation with two equal moments of inertia and a deviation 
from the symmetry increases one of these moments of inertia 
at the expense of the other. The nucleus rotates about the 
axis with the largest moment of inertia. Later, Davydov and 
o 
Rostovsky have treated the problem of collective excitation 
by taking into account the interactions of the rotations with 
p and y'vibrations. 9-11^ 
A few years ago, attempts were made^ 'to establish 
a correlation between the experimental and theoretical tran-
sition probabilities of , and 2^-+ transitions. g o o g ' 6 
They reported that the factor increases 
slowly with the increase in the value of non-axiality parameter 
io . However, for transitions between 2^ and 2'^-*- , the 
data points were too meagre to draw any reliable conclusion. 
It was also reported eailier^^^ that the factor Fgp(=B(E2)g^p / 
B(E2)gp) decreases gradually with the increase of . The above 
trends could be established on the basis of the then available 
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experimental data. Theoretical calculations of E2-transition 
probabilities within the framework of DR model could not be 
extended to other deformed nuclei for which relevant experi-
mental informations were not present. During the last few years 
a lot of new experimental data have become available in the 
mass region l50^ A^ 196 and A>230. So a reexamination of the 
trends of BCEg, ^ ^g >"0 ' 
- hi vs r. , BCE^, 2;- Op^^p/BCE^, 
^ P m - O^gp vs y, is 
considered worthwhile. In addition to it, mathematical relations, 
which could represent the above trends, have been proposed. 
7.2 Calculation of Transition Probabilities : OA 
The expressions due to the DR model for the 
reduced Egtransitinnprobabilities inside the ground rotational 
band as well as from the 2 state of K = 2 vibrational band 
to 0 state of ground rotational band are given by , 
BCE., J'-^^) = 5e^Q^/l6Tr(2Joo/Jjb)^(l-l/S)x(l-2S/3q^)^' (1) 
g B O ' 
B(E2, = e^ Q^ /l67r l/S(l-3/2S)x(l-9S/^^)^, (2) 
where 
where 
o o 
r^ = 1.2 fm. 
Here E^g is the energy of the 2"^  state of ground 
state rotation,^, band, E^y. is the energy of 2"^  state of 
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Y-vibrational band and E , is the energy of state of op 
p-vibrational band. Tlie (2j00|j'0) are the Clebsch-Gordan 
Coefficients in the notation (2JinmljV). The values of 
parameters 's'and 'q' have been calculated using experii^ ientally 
13) 
known energy levels recently compiled by Sakai and Hester , 
It is v/orth noting that the present compilation is up to date 
and special care has been taken in assigning the states to 
pertinant bands. In order to avoid the theoretical values of 
based on different models, the experimental values of 
equilibrium deformation parameter have been used in the 
present calculations. These values of correspond to 
experimental transition probabilities. Using the above relations 
Ep transition probabilities between -»• 2^ -i- and o o o o Op have been calculated for all nuclei in deformed region o 
(for which the required data are available). In the Davydov 
Filippov model^\ the energy ratio , is indeed 
restricted by 10/34B(^)<8/3. However, the ratio can be smaller 
than 8/3 in Davydov Chaban^^ and Davydov Rostovsky^^ model 
because of the fact tiiat energy levels are pushed down by 
some perturbation such as rotation-vibration interaction. 
In the present work, no nucleus has been neglected merely 
because the ratio for it is smaller than 8/3. The single 
particle reduced transition probabilities have been calculated 
by following relation ' 
B(E2, o j ) = .062 (3) 
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The experimental transition probabilities have been 
taken from the literature ^ . 
7#3 Results and Discussion : 
The results of the present calculations are given 
in Table I. Figure 3 shows the behaviour of the ratios Fgp 
and Fjjg against the non-axiality parameter X" determined from 
the ratios From upper part of Fig.3 it is clear that 
the value of factor Fgp decreases as the value of asymmetry 
parameter increases from 0° to 30°. The increase in the 
I / 
value of follows the change from rotational limit (strongly 
deformed nuclei) to vibrational limit (almost spherical nuclei). 
The difference between single particle estimate and 
experimental rate is quite large in well deformed region. This 
is not surprising because the single particle model is not 
applicable to deformed nuclei where there are large number 
of nucleons outside the closed shells. The solid line is drawn 
to focus the attention to the fact that most of the points may 
be represented by the equation. 
iC = e log Fgp + d 
where c = -(28.5 - 1.3) and d = (76.28 i 3.3) from the 
method of least square fit. 
The lower part of Fig.3 confirms a slightly 
increasing trend in the value of Fjjj^  against y^  , observed by 
9) '' Rajput and Augusthy^ . The above trend may be represented by 
straight line ; 
= a log Fjjg ^  b 
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where a = (6H-.5 - 2,9) and b = -(29,5 - from least square 
fitting procedure. 
It is apparent from the Fig,3 that the value of the 
factor Fpjj changes smoothly from one isotope to another. However 
the factor Fj^ ^ changes sharply in Sm and Ga. It may be due the 
transition from the almost spherical to the well deformed nuclei 
20) 21) between 88 and 90 neutrons provided proton number Z^ 66 . 
In FigXa) and (b) the ratios B(Ep, h^ S g exp 
have been plotted against the non-axiality parameter In 
these figures, the errors have not been shown. The errors in 
experimental rates are about 20^^^^. It is clear from these 
figures that the value of the ratios increases with y^. The 
increasing trends could be represented by equations : 
i = a ' l o g { B(E2 
/ BCEj , - } b' , 
and 
r, = a" log { B(E2 , 2^ - Op^^p 
/ , Opjjj^  } + b , 
where a'= (68.96 - 9.5), a = (18.58 - 3 M ) b = -(30.8 i 
^.8) and b"= (6.96 - 2,6k) from least square fitting 
procedure. 
It is apparent from the Table I as well as from the 
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slopes of fitted lines that the agreement between experimental 
values and the DR predictions for ^yOg transition is better 
than that of transitions. The abnormal 
o o o o 
behaviour in the ratio of vs. f, 
of ^ Sm and ^ Gd may be due to critical neutron number 90 . 
From the Table, it is clear that the model does not 
reproduce fairly well the absolute experimental rates. For all 
cases, the DR model predicts somewhat smaller values of E2 
transition probabilities compared to experimental rates. The 
disagreement between theoretical estimates to experimental 
rates can be brought down by treating the unit radius (tq) 
as a free parameter. The deviations could be reduced to 50| 
when the values of ' r^ ' was taken to be 1,5 instead of 1.2 fm. 
in the calculations. It is interesting to note that the value 
of r^ (=1.5 fm.) is equal to that obtained by Satchler 
from the optical model analysis of a-particle scattering for 
various elements. 
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fa-transition probabilities between and in even-even 
deformed nuclei of rare earth and actinide regions have been estimated using the 
asymmetric rotor model of Davydov and Rostovsky. The predictions of this 
model have been compared with the experimental values. From this comparison 
it has been found that the DR estimates are quite close to the experimental rates. 
The variations of the ratios B(E2, 4+-»2+)exp/fi(J^2, 4+-»2+)a„, B{E2, 
B{,E2, 2 + - - 0 J W , B{E2, 2 + and B{E„ 2 + - . 0 + W 
B{E2, with non-axiality parameter 'yo' have been studied. 
§1. Introduction 
Transition probabilities of the £2"transitions 
from 4+ to state and to 0+ state in 
even-even deformed nuclei in mass region 
and A ^ 230 have been studied 
by several researchers, ^'j-transitions are almost 
everywhere much faster than single particle 
allows. This fastness suggests a sort of collec-
tive motion of the nucleons inside the nucleus. 
Several phenomenological nuclear models^"'^' 
have been proposed to explain the collective 
behaviour of these transitions. Among these 
the asymmetric rotor model^"'^^ is one of the 
successful models. In this model it is assumed 
that the rotation of the nucleus takes place 
without change of the intrinsic state. The 
equilibrium shape of the nucleus is like a 
triaxial ellipsoid and is determined by the two 
parameters Pq and y^, where jSQ is the defor-
mation parameter and y^ is the nonaxiality 
parameter which determines the deviation from 
the axial symmetry. Later, Davydow and 
Rostovsky'^' have treated the problem of 
collective excitation by taking into account 
the interactions of the rotations with p and 
y vibrations. 
A few years ago, attempts were made'""^' 
to establish a correlation between the experi-
mental and theoretical transition probabilities 
of 4 ; ^ 2 ; , and transitions. 
They reported that the factor Fdr(.=^(E2Xxp/ 
B(E2)dr) increases slowly with the increase 
in the value of non-axiality parameter 
However, for transitions between 
and 2y-y0g, the data points were too meagre 
to draw any reliable conclusion. It was also 
reported earlier®' that the factor 
B{E2)sp) decreases gradually with the increase 
of 70- The above trends could be established 
on the basis of the then available experimental 
data. Theoretical calculations of i'z-transition 
probabilities within the framework of DR 
model could not be extended to other defor-
med nuclei for which relevant experimental 
informations were not present. During the 
last few years a lot of new experimental data 
have become available in the mass region 150^ 
.4 <196 and /I >230. So a reexamination of 
the trends of 2^-^Q^XJBiE^, 
vs yo, vs 
70, vs 70 
and B i E ^ a ^ - -Ot)sP vs 70 
is considered worthwhile. In addition to it, 
mathematical relations, which could represent 
the above trends, have been proposed. 
§2. Calculation of Transition Probabilities 
The expressions due to the DR model'^' 
for the reduced E^ transition probabilities 
inside the ground rotational band as well as 
from the 2"^  state of K=2 vibrational band 
to O'*^  state of ground rotational band are 
given by, 
B{E2, = (27ooMo)'(l " 1/5) 
x(l-2SI3qy, (1) 
B(E2, 2 ; ^ 0 „ ) = e^Qll\6n 1 /5 (1 -3 /25) 
x ( l - 9 S / 4 ^ y , (2) 
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where 
where 
S=E2y/E2g 
q = EoijlE2g 
^0= 1.2 fm. 
Here £20 's the energy of the 2'*' state of 
ground state rotational band, E2y is the energy 
of state of y-vibrational band and Eq^ is 
the energy of state of ^-vibrational band. 
The (2/00| / '0) are the Clebsch-Gordan Coeffi-
cients in the notation (2Jmm'\J'm'). The 
values of parameters 'S' and V' been 
calculated using experimentally known energy 
levels recently compiled by Sakai and Rester.®' 
It is worth noting that the present compilation 
is up to date and special care has been taken 
in assigning the states to pertinant bands. In 
order to avoid the theoretical values of 'jSg' 
based on different models, the experimental 
values of equilibrium deformation parameter 
have been used in the present calculations. 
These values of 'Po' correspond to experi-
mental transition probabilities. Using the 
above relations E2 transition probabilities 
between 4 ; ^2,+ , and have 
been calculated for all nuclei in deformed region 
(for which the required data are available). 
The single particle reduced transition prob-
abilities have been calculated by following 
relation!®' 
B{E2, 2 , ^ - ^ 0 ; ) = .062 ^ jq-52 
(3) 
The experimental transition probabilities 
have been taken from the literature. 
§3. Results and Discussion 
The results of the present calculations are 
given in Table I. Figure 1 shows the behaviour 
of the ratios Fsp and For against the non-
axiality parameter 'jq determined from the 
ratios From upper part of Fig. 1 it 
is clear that the value of factor Egp decreases 
as the value of asymmetry parameter 'yo' 
increases from 0° to 30°. The increase in the 
value of 'yo' follows the change from rota-
tional limit (strongly deformed nuclei) to 
vibrational limit (almost spherical nuclei). 
The difference between single particle estimate 
and experimental rate is quite large in well 
deformed region. This is not surprising because 
the single particle model is not applicable to 
deformed nuclei where there are large number 
of nucleons outside the closed shells. The 
solid line is drawn to focus the attention to 
the fact that most of the points may be rep-
resented by the equation, 
yQ = c\ogFsf + d 
where c = - ( 2 8 . 5 + 1 . 3 ) and (76.28±3.3) 
from the method of least square fit. 
The lower part of Fig. 1 confirms a slightly 
increasing trend in the value of Fj^^ against 
observed by Rajput and Augvsthy.^^ 
The above trend may be represented by straight 
line: 
yo = a log FoR + b 
where a = (64.5±2.9) and - ( 2 9 . 5 ± 1.4) 
from least square fitting procedure. 
It is apparent from the Fig. 1 that the value 
of the factor F^r changes smoothly from one 
isotope to another. However, the factor Fj,r 
changes sharply in Sm and Ga. It may be 
due the transition from the almost spherical 
to the well deformed nuclei between 88 and 
90 neutrons^®' provided proton number 
In Fig. 2(a) and (b) the ratios 
and £ ( £ 2 , 2 ; - ^ O ^ X J 
3(E2,2^->-0g )oR have been plotted against 
the non-axiality parameter yg. In these figures, 
the errors have not been shown. The errors 
in experimental rates are about 20%. '^ ' It is 
clear from these figures that the value of the 
ratios increases with yo. The increasing trends 
could be represented by equations: 
yo = «' log 
and 
yo = a" log 
where a ' = (68.96 + 9.5), a" = (18.58 ±3.45) 6' = 
- ( 3 0 . 8 ±4.8) and i " = (6.96 ±2.64) from least 
square fitting procedure. 
It is apparent from the Table I as well as 
from the slopes of fitted lines that the agree-
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ment between experimental values and the 
DR predictions for transition is 
better than that of and 
transitions. The abnormal behaviour in the 
ratio of vs 
Vo of ^^^Sm and '^'^Gd may be due to critical 
neutron number 90.^®' 
From the Table, it is clear that the model 
does not reproduce fairly well the absolute 
experimental rates. For all cases, the DR 
model predicts somewhat smaller values of 
£2 transition probabilities compared to ex-
perimental rates. The disagreement between 
theoretical estimates to experimental rates 
can be brought down by treating the unit 
radius (/-q) as a free parameter. The deviations 
could be reduced to 50% when the values of 
Vq' was taken to be 1.5 instead of 1.2 fm. in 
the calculations. It is interesting to note 
that the value of Vq' (=1 .5fm.) is equal to 
that obtained by Satchler'®' from the optical 
model analysis of a-particle scattering for 
various elements. 
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Statistical Theory Calculations of Neutron-Capture 
Cross-Sections at 24 keV 
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Neutron-capture cross-sections are calculated using Margolis formula based 
on statistical theory at 24 keV for 48 nuclei, using low energy resonance param-
eters. In these calculations we have taken into account the contribution due to 
S-, p- and «/-wave neutrons. In general, the agreement between the theoretical and 
the experimental cross-sections for the cases enumerated is satisfactoi'y, when 
</"y>/<Z)> is taken to be the same for s- and /i-wave neutrons. 
• NUCLEAR REACTIONS, £=24keV; Calculated a(n,y). Statistical 
. theory; deduced [<r,>/<Z)>]p_„„„. 
§1. Introduction 
Nuclear reactions data have been investigated 
primarily to obtain knowledge about nuclear 
structure and reaction mechanism. The cross-
sections in the keV energy region are useful 
in the design of fast reactors as well as in the 
study of cosmological theory of element 
formation in the universe." To understand 
clearly the element building formation, neutron 
capture cross-sections data are required in 
the few tens of keV energy region. Unfortu-
nately, capture cross-sections in the keV region 
are known at isolated energies; and these are 
also not known for all isotopes because most 
of these cross-sections have been measured 
using activation technique. This technique is 
limited to those cases where the life time of 
product nucleus is neither very short nor 
very long. In order to understand nucleo-
synthesis theory Alien et al.^^ used emperical 
expressions for finding the neutron-capture 
cross-sections at 30 keV where they were not 
known experimentally. For this reason, the 
need may arise for calculating the cross-sections 
in those cases when they are not known from 
experiment. 
In this energy region the neutron-capture 
reaction takes place mostly through com-
pound nucleus mechanism. The only problem 
in evaluating the cross-sections for this kind 
of reaction is the precise knowledge of the 
parameters involved in the theoretical formula. 
No systematic calculations of the cross-section 
have been done so far in this energy region. 
Miskel et al?^ have calculated the capture 
cross-sections for ^^^Hf, ^^^Ta, ^^^Au 
and ^^^Th nuclei in the energy region of 0.03 
to 4 MeV. These workers have taken three 
different values of the parameter ^ i.e. 1.25< ,^ 
^ and 0.75^ (where ^ = <Z)>/2;r<r,>, </)> is 
the average level spacing and is the average 
radiation width) in these calculations. Chaubey 
and Sehgal'^^ have calculated the parameter 
^ at 24 keV for a number of cases. 
In the present work, neutron total capture 
cross-sections at 24 keV for 48 nuclei with 
mass number 45 < A < 232 have been calculated 
on the basis of statistical theory. We have 
used the expression of Margolis^' for these 
calculations. It is not known whether ^ is 
same for i- and />-wave neutrons. We have per-
formed these calculations assuming (a) that 
<ry>/<Z)> is same^'®' for j-, p- and (/-wave 
neutrons (b) that <ry>/<D> for p- and t/-wave 
is (2/-t-1) time^"®' that of the j-wave, assuming 
<ry> to be same®' for s-, p- and (/-wave neu-
trons. The present paper is devoted to pre-
senting these theoretical values alongwith 
the experimental data. It is concluded that 
<ry>/<D> is the same for s- and /7-wave 
neutrons. 
§2. Calculations Based on Statistical Theory 
The statistical theory of nuclear reactions 
is based on two main assumptions: (a) Bohr 
picture of the compound nucleus formation 
holds true, and (b) there is an overlapping 
of the levels at the excitation energy where the 
compound nucleus is formed. In keV energy 
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region the first assutaption is completely 
valid whereas the assumption (b) also seems 
to be valid provided the energy spread of the 
incident neutron beam is greater than the 
spacing of the levels so that many compound 
states are simultaneously excited. 
The following expression for («, y) cross-
section, using statistical theory, was used^' 
V 2(2/+1) 
Bj,(2J+ I) 
(1) 
where I is the spin of the target nucleus, j 
is the channel spin, J is the spin of a level 
in the compound nucleus, InX is the deBrogli 
wave length of the incident neutron, E„ is 
the energy of the nth excited state, 7", is the 
transmission coefficient for the /-th partial 
wave, / ' is the angular momentum of the 
emitted neutron and eji is the statistical factor. 
While calculating cross-sections we have 
included the contribution of angular mo-
mentum of neutrons up to 1=2, as only s-
and /?-wave neutrons contribute predomi-
nantly to the capture cross-section at 24 keV 
in most of the target nuclei." The neutron 
transmission coefficients were calculated using 
the data of Campbell et we have taken 
the spherical complex well potential with 
diffuse edges^^ and the value of nuclear radius 
as /?=(1.25 A^ /^O.S) fermis in the calcula-
tions of Ti-
The factor in the expression (1), which 
accounts for the energy and level density 
dependence of the width Fy is given by 
rB' 
"B' + E 
P{B+E-b) de, 
where B' is the effective neutron binding 
energy which takes into account the pairing 
effect, E is the energy of incident neutron, 
and the level density p(E') at excitation energy 
E' on the basis of Fermi gas Model, is given 
by 
p(E') = ccxp[2(aEn 
E and lAI are the energy and multipole order, 
respectively, of the y-radiation emitted in 
the decay of the compound nucleus. It is 
assumed"^ that dipole radiation predominates 
over other higher multipoles, the ratio of the 
two is of the order of 10"^. Different values 
of level density parameter a, neutron binding 
energy B and pairing energy A, corresponding 
to different isotopes have been taken from the 
results of Gilbert and Cameron. and 
Baba.^^' There was no significant variation 
in the values of for different isotopes. 
Most of these values lie between 0.93 to 0.97. 
However, we have taken different values of 
f^ i for different isotopes in our calculations. 
We also calculated f^i for ^''^Au assuming 
quadrupole radiations. This values of / a / = 
0.975 is very close to = 0.953 for dipole 
radiations, therefore, our results are not 
affected in the presence of a small admixture 
of quadrupole radiations. 
is defined as Dj / ln ry^ where r^^ is the 
radiation width and Dj is the level spacing 
between levels of same spin and parity. We 
have done two set of calculations of the capture 
cross-sections once taking into account J-
dependence of through D j and in another 
taking ^ to be independent of J. and ^ 
denote the value with the without /-dependence. 
The parameter ^ was calculated by taking 
the average value of level spacing D and 
radiation width Fy from the recently known 
resonance parameters. While calcu-
lating ^ the average level spacing D for zero 
spin target nuclei, was taken to be equal to 
the observed level spacing, whereas for non-
zero spin target nuclei, the average level 
spacing was taken to be twice that of the 
observed level spacing.'^-'®' It has been 
shown^°' that (F^} and ( D ) do not change 
significantly up to 100 keV of incident neutron 
energy and hence these low energy resonance 
parameters can be safely used at 24 keV. 
The j-wave contribution to capture cross-
section has been calculated using j-wave 
resonance parameters available in litera-
t u r e . T h e ;>-wave contributions have 
been calculated following two different ap-
proaches : 
(a) that <r,>/<£>> is same'-^' for 5-, p-
1979) Statistical Theory Calculations of Neutron-.... 
and rf-wave neutrons. 
(b) that <ry>/<Z)> for p- and ^/-wave is 
( 1 J + 1) times'^"" that of the 5-wave, assuming 
<ry> to be same®' for s-, p- and fi?-wave neu-
trons. 
§3. Results 
The results of the present calculations are 
summarized in Table I. In column first and 
second are given the target nucleus and the 
values of ^ for different isotopes. The third 
and fourth columns contain the computed 
cross-sections corresponding to ^ and 
(=<D>/27cr/2/-l-l)) respectively. The errors 
in the calculated cross-section values are due 
to errors present in the value of resonance 
parameters. Various experimental values^ 
of total capture cross-sections mostly obtained 
by activation technique using Sb-Be photo-
neutron source, which has an energy spread 
5 keV,^"'' have been suitably averaged in 
fifth column of Table I. Some of the average 
values of c^p, have been taken from ref. 2. 
The search is not claimed to be exhaustive, 
but it is believed that no important data have 
been missed. In ^'Br, ^^'Ag, 
"^ Cd, ii^In, i^ D^y, '^ T^a 
and values of ffexpt. ^re the sum of the 
cross-sections for the isomeric and the ground 
states, and thus are total capture cross-sections. 
The ratio of the theoretical values to those of 
experimentally measured cross-sections have 
been presented in the sixth and seventh column 
of the Table. Figure 1 illustrates the behaviour 
o f (o - .heo r J j /Cf^e .p t . ) a n d (<X.heor.){ ' /(ffexpt.) VerSUS 
the neutron number N in the target nucleus. 
Practically for all cases given in Table I, 
the contribution of the t/-wave to capture 
cross-section is very small in comparison with 
s- and ;7-wave, so it is difficult to say whether 
(^r.^yKD} for d-wa.\e is same as that of s-
wave. However, the contribution of ;?-wave 
to the capture corss-section is either comparable 
or more than j-wave contribution in most of 
the cases, therefore, it is easy to verify whether 
<ry>/<Z)> is the same for s- and /7-wave. It 
is clear from the Fig. 1 that most of the points 
are closer to the line corresponding to the 
ratio 1, within experimental uncertainties, 
when ^ is taken to be independent of J; thus 
confirming that is the same for 
s- and /?-wave. From Table it is clear that 
difference between (<T,heor.)? and 
for nuclei " ' I n , 
i27j^ jg jjQ^ significant and therefore 
it is difficult to verify the relation KFy}/ 
<'D>]p_wave^[<^y>/<^>L-wave for these cascs. 
It may be remarked that ( r ^ ) and D can 
independently change for />-wave keeping the 
ratio {r^yKD} to be the same. Allen et 
have proved for '®Fe that <ry>/<Z)> has the 
value «0.06±0.0017 and «0.0428 ±0.012 
for s- and /?-wave respectively. Stieglitz et 
have studied p-wa.\e resonances of '^Cr. 
They have found that average rediation 
width <ry> for the /j-wave resonances is 
nearly three times smaller than the ( r ^ ) for 
the j-wave resonances. Assuming that the 
I'' 
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ti 
la 
jr 
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N 
Fig. 1. Plot of the ratios (« t^hc»or.){/(<T„pt.) and (<Ttheor.)c'/(CT„pt.) vs the neutron number N of the target nucleus. 
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Table I. A comparison of theoretical and experimental values of neutron capture cross-sections at 24 IceV 
together with the values. 
R a t i o 
Target 
nucleus 
(<y|hco.){ 
( m b ) 
(ffiheo ){' 
(mb) 
i p t x p i ) A v c r a g e 
(mb) (glhco )t (O'theo );• ('^ewt.) (<7expt.) 
Ref. Ref. 
1455i523 (12, 15) 55113 82 l17 5117 (2) 1.08 1.29 1.6 ±.39 
!?Mn3o 1890 529 (17,15) 53114 99 + 21 5813 (2) .91 1 .24 1.7 ±.37 
!iCu34 613i107 (17, 16) 128 + 18 245 ±29 11219 (21 24) 1.14 1.18 2.18±.30 
5acu3a 1553i341 (17, 16) 53±13 112115 4415 (21-23, 25) 1.2 ±. 2.54 ±.44 
i?Ga38 485 dr 175 (17, 16) 181 ±60 337193 150135 (2) 1.2 1.48 2.24 ±.8 
?{Ga4o 438i 118 (15) 195145 454 f 50 140135 (2) 1.39 t.46 3.24±.87 
87±13 (17, 18) 752154 1326171 5651 115 (2) 1.3 4.3 2.3 ±.48 
?iBr44 57±12 (17, 15) 9871139 1450 1144 760 ±65 (4,29) 1.29 1.2 1.9 ±.24 
liBr46 71115 (12, 16) 8551130 12361134 5555165 (4, 22) 1.54 1.3 2.2 ±.35 
l2Se46 2101 (12,18) 48 ±12 96 t26 23 t U (2) 2.08611.37 4.17 ±2.75 
|7Rb48 1400 ±254 (17, 18) 120132 231142 181135 (22) .66 1.21 1.27±.33 
l?Rb5o 2292i687 (17, 18) 34±5 69 HO 2715 (2) 1.26 1.29 2.55±.59 89 V 39 I 50 4777± 1433 (4) 2216 491:13 24±6 (2) .91 ±.32 2.04 ±.73 
2!Nb„ 117±24 (12, 18) 471 ±54 609 1 51 320±35 (2) 1.47 1.22 1.9 ±.24 loZrss 2165dr520 (14) 555±12 115122 35±14 (2) 1.5 ±.66 3.2 ±1.3 
I|M056 600i254 (14, 17) 162145 195 f 32 162 ±46 (2) 1 1.4 1.2 ±.38 
288142 (14, 17) 276130 436 h74 115 ±46 (2) 2.4 ±.98 3.79±1.62 '2?Ag60 40111 (13, 16) 993 ±192 1037±183 1322± (4, 27) .75 ±.18 .78±1.16 
53110 (12, 16) 787 ±104 835 ±98 765160 (4, 28) 1.02 ±.15 1.09±.15 'SiPdsi 771:2 (15) 600115 1500±45 586 1105 (21,22, 4) 1.02 ±.18 2.6 ±.45 
166132 (4) 393 ±50 467 ±43 272125 (4) 1.4 ±.2 1.7 ± .2 
'iiln66 38110 (17, 18) 1096 ±63 1130±60 1138±104 (4, 28) .96 ±.01 .99 ±.01 
56±14 (17, 18) 751 ±93 976±100 874157 (2) .86 ±.12 1.11±.13 
'liCs78 53112 (17, 18) 8151154 8651152 805 ±45 (2) 1.01 ±.19 1.07±.19 
'ilBasa 138961:5488 (17, 9) 1515.5 31±]0 ]3±1.6 (9) 1.15 ±.43 2.38±.8 '57La82 2120±565 (16, 12) 48 ±10 90±20 50±7 (22, 4) .96 ±.23 1.8 ±.46 
4300±1590 (9) 40±11 80 ±22 28 ±4 (9, 22) 1.4 ±.43 2.85 ±.88 'tiCe84 2120±590 (9) 67±15 132±28 63±10 (9) 1.06 ±.23 2.09 ±.54 
't|Pr82 315±58 (17,18) 217±16 338118 170±40 (21, 22) 1.27 ±.30 1 98 t . 47 
'IfSm^o 102±36 (12, 9) 692 ±158 850±138 654 ±53 (9, 4, 22) 1.05 ±.25 1.3 ±.23 'itSm92 46±7.3 (9) 1074 ±90 1204 ±80 536 ±46 (9, 4, 22) 2.0 ±.24 2.24+.26 
' i |Gd,4 152±25 (9) 537163 930±88 620 ±80 (2) .86 ±.15 1.5 ±.24 
^l2Gd96 276155 (9) 346 ±55 574 1 64 290 ±41 (9) 1.19 +.25 1.98±.35 
194 ±40 (4) 489179 820±100 490 ±135 (21,4) .99 ±.3 1.67±.5 
24±3 (17, 15) 15751210 18801187 1437±175 (2) 1.09 ±.15 1.19±.17 
3001108 (9) 377 t l l 8 7021176 305 ±20 (9, 22, 24) 1.23 ±.38 2.3 ±.8 
17.5±3.5 (12, 14) 2008 1-213 2640±165 1680±125 (2) 1.19 ±.16 1.57±.14 
'?2Hf,08 345±172 (9) 363 1:161 7471292 332±92 (2) 1.09 ±.5 2.25±1.0 
^fsTsios 22±6 (9) 1812±266 2550 1237 1400±175 (9, 21) 1.29 ±.25 1.82 ±.29 
217±46 (17, 15) 529 ±134 10851231 350±180 (21) 1.51 ±.85 3.1 ±1.7 
318±72 (9) 359 ±76 7921151 278 ±27 (9, 21, 22, 25) 1.29 ±.29 2.8 ±.59 1 85Da 7 5^.^110 23 ±7 (12-14) 2327 ±404 3358±378 1760 ±230 (2) 1.3 ±.28 1.9 ±.3 '75R61I2 39±10 (12-14) 1658±311 2638 ±339 1805±115 (2) .92 ±.18 1.5 ±.2 
38±6 (17-18) 1466 ±230 2209 ±300 965 ±65 (9, 21, 22) 1.5 ±.3 2.28 ±.34 
1187±261 (9) 104±22 239 ±48 57±17 (2) 1.8 ±.65 4.2 ±1.4 
76220 ±62195 (4) 6.86±5.14 15 ±10.7 6.5 ±1 (4) 1.05 ±.79 2.3 ±1.6 
^sfBiize 49940 ± 5490 (15, 12) 2.55 ±.25 4.85 ±.55 I.8±.7 (21) 1.41 ±.56 2.7 ±1.08 
^ioThi42 130118 (12, 7) 575 ±53 758 ±47 5751115 (2) 1.0 ±22 1.3 ±.26 
1979) Statistical Theory Calculations of Neutron-.... 
average level spac ing obeys a law of ( 2 / + 
D j ^ i will be three t imes smaller t h a n D j ^ q . 
T h u s f o r />-wave resonances will 
r e m a i n s a m e as t h a t of s -wave re sonances fo r 
' ^ C r . M u s g r o v e et al.^^'' have s h o w n tha t 
<ry>/<£)> is near ly same fo r s- a n d p-w&ve 
resonances in '^"Ca. 
Final ly , we wou ld like t o p o i n t o u t t h a t 
the a s s u m p t i o n [<r^>/<I>>]p_wave-[<-r,>/ 
<jD>]s_„ave. which has been verified experi-
menta l ly fo r m a n y nuclei '®'^""^^' except those 
in 3p reg ion^ ' -^^ ' is fa i r ly well t o r e p r o d u c e 
the exper imen ta l cross-sect ions a t 24 keV 
a n d it m a y be f u r t h e r used t o get i n f o r m a t i o n 
a b o u t [<r,>/<£)>],_„,,, wi th respect t o [<r,>/ 
<^>]s-wave by fitting the exper imenta l cross-
sect ions a t h igher energies. 
Acknowledgement 
W e a re t h a n k f u l t o P ro fes so r Zil lur R a h m a n 
K h a n fo r his k ind interest in the p resen t w o r k . 
O n e of the a u t h o r s ( H . M . A . ) is t h a n k f u l t o 
U . G . C . f o r p rov id ing research fe l lowship . 
References 
1) E. M. Burbidge, G. R. Burbidge, W. A. Fowler 
and F. Hoyle: Rev. mod. Phys., 29 (1957) 547. 
2) B. J. Allen, J. H. Gibbons and R. L. Macklin: 
Advances in Nuclear Phys. 4 (1971) 205. 
3) J. A. Miskel, K. V. Marsh, M. L. Linder and 
R. J. Nagel: Phys. Rev. 128 (1962) 1717. 
4) A. K. Chaubey and M. L. Sehgal: Phys. Rev. 152 
(1966) 1055. 
5) B. Margolis: Phys. Rev. 88 (1952) 327. 
6) L. M. Spitz, E. Barnard and F. D. Brooks: 
Nuclear Phys. A121 (1968) 671. 
7) Proc. Int. Conf. on the Study of Nuclear Structure 
with Neutrons (Anteverp, 1965) p. 208, 563. 
8) Robert H. Tabony and Kamal K. Seth: Ann. 
Phys. (USA) 46 (1968) 401. 
9) K. Siddappa, M. Srirama Chandra Murty and 
J. Rama Rao: Ann. Phys. (USA) 83 (1974) 355. 
10) E. J. Campbell, H. Feshback, C. E. Porter, V. F. 
Weisskopf: Technical Report No. 73, 1960 
(Unpublished). 
11) B. B. Kinsey and G. A. Bartholomen: Phys. Rev. 
93 (1954) 1260. 
12) A. Gilbert and A. G. W. Cameron: Canad. J. 
Phys. 43 (1965) 1446. 
13) Neutron Cross-Sections, BNL-325, 2nd ed. (1958) 
and Supplement No. 1 (1960). 
14) Neutron Cross-Sections, BNL-325, Supplement 
No. 2 (1966) Vols. IIA, B, C. 
15) S. F. Mughabghab and D. I. Garber, BNL-325, 
3rd ed.. Vol. 1, June (1973). 
16) J. Mien, R. Alves, S. Debabros, V. D. Huynh, 
J. Morgenstern and C. Samour: Nuclear Phys. 
A132 (1969) 129. 
17) H. Baba: Nuclear Phys. A159 (1970) 625. 
18) P. Oliva and D. Prosperi: Nuovo Cimento. 49 
(1967) 161. 
19) Carter, Harvey, Hughes and Pilgher: Phys. Rev. 
86(1954) 113. 
20) J. H. Gibbons, R. L. Macklin, P. D. Miller and 
J. H. Neiler: Phys. Rev. 122 (1961) 199. 
21) R. Booth, W. P. Bell and M. H. Macgregor: Phys. 
Rev. 112 (1958) 226. 
22) R. L. Macklin, N. H. Lazor and W. S. Lyon: 
Phys. Rev. 107 (1957) 504. 
23) J. E. Vernier: Nuclear Phys. 9 (1959) 569. 
24) S. S. Hasan, A. K. Chaubey and M. L. Sehgal: 
Nuovo Cimento. 58B (1968) 402. 
25) V. N. Konokov, lu. la. Stavisski and V. A. 
Tollisfcow: J. nuclear Energy A l l (1959) 46. 
26) J. C. Robertson: Nuclear Phys. 71 (1965) 417. 
27) Bvthirumala Rao, J. Rama Rao and E. Kondaiah: 
J. Phys. 5A (1972) 468. 
28) K. Siddapa, M. Sri Ramachandra Murty and 
J. Rama Rao: J. Phys. 5A (1972) 877. 
29) J. Basco and J. Csikai: Nuclear Phys. 67 (1965) 
443. 
30) B. J. Allen, A. R. de Musgrove, N. W. Boldeman 
and M. J. Kenny: Nuclear Phys. A269 (1976) 421. 
31) R. G. Stieglitz, R. W. Hockenbury and R. C. 
Block: Nuclear Phys. A 163 (1971) 592. 
32) A. R. de L. Musgrove, B. J. Allen, J. W. Boldeman, 
D. M. H. Chan and R. L. Macklin: Nuclear 
Phys. A 259 (1976) 365. 
33) J. R. Bird et al. \ Proc. Int. Conf of Interaction of 
Neutrons with Nuclei, Lowell, 1976, p. 76. 
Reprint f r o m proceedings of the 
Nuc lear P h y s i c s and Solid State P h y s i c s Sympos ium 
Pune, D e c e m b e r 26-30, 1977 
Vol. 20B : Nuc lear P h y s i c s 
STATISTICAL AMAL S^IS OP MBOTRON-RKDUCBD WHttlfi* 
H.H. Agrawal and M.L. Sehgal 
Department of Phjrsics 
Aligarh Muslim Univers i ty , Aligarh - 202 001 
The mathematical form of the distr ibxit lon of the 
individual neutron reduced widths was e s tab l i shed by 
Porter and ThomasW. Such a d i s t r i b u t i o n i s represented 
by the chi-squared d i s t r i b u t i o n with one degree of 
freedom 'V = 1 s ^^^ 
Later, GarrisonWstudied'the problem i n the same way as 
Porter and Thomas. For t h i s i n v e s t i g a t i o n he combined 
the reduced neutron widths f o r some n u c l e i and concluded 
the 'y'= 1 d i s t r i b u t i o n . This method of analys i s could 
not r e v e a l departure; i f any f o r Individual nucleus , fro i | 
the P.T. d i s t r i b u t i o n . Recently , Sharma and R a j w d e t e r -
fnined the /alue of degree of fteedom (y) corresponding-to 
indiv idual nuc l e i . They pointed,out the p o s s i b i l i t y of 
s tructure e f f e c t i n the value o f V . No d e f i n i t e conclu-
s i o n could be drawn by them. 
In t h i s paper, we have made an attempt t o determine 
the values of 'y* appropiate . to individual n u c l e i . The 
ansdysis has been undertaken f o r nuc le i f o r which s u f f i c i 
<jnt number of resonances are known. The maximum l i k l l -
nood method has been used t o determine the value of 'U' . 
In the present work, the s t a t i s t i c a l weight fac tor ' g ' i s 
bssumed t o be 1 / 2 , except f o r zero sp in target n u c l e i , 
•where i t i s known t o be un i ty . In mass regions A « 5 5 and 
A>150 we f ind that there are many nuc le i for which 'u* 
In the e a r l i e r work any deviat ion from such a d l s t r l l 
butlon was explained e i t h e r by the inc lus ion of p ^ a v e 
tesonances or by the p o s s i b i l i t y of some resonances not 
being obseirved. Because of good energy r e s o l u t i o n , durin^^ 
l a s t few years some missed resonances having small R'as 
wel l as p-wave Induced resonances have been detected. The 
data which have been analy»ed here are quite accurate t o 
e s t a b l i s h a departure from the P.T. d i s t r i b u t i o n in the 
iiass regions Aa^S and A^150. Poss ib le explanations f o r 
t h i s departure are given on the bas i s of nuclear reac t ion 
theory as we l l as nticlear s tructure . 
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